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(57) Abstract: An optical system includes multiple cubic crystalline optical elements aligned along a common optical axis and hav- 

ing their crystal lattices oriented with respect to each other to minimize the effects of intrinsic birefringence and produce a system 
^ with reduced retardance. The optical system may be a refractive or catadioptric system having a high numerical aperture and using 

light with a wavelength at or below (248) nanometers. The net retardance of the system is less than the sum of the retardance contri- 
jSj butions of the respective optical elements as the elements arc oriented such that the intrinsic birefringences of the individual elements 

cancel each other out In one embodiment, two [110] cubic crystalline optical elements are clocked with respect to one another and 
Q used in conjunction with a [100] cubic crystalline optical element to reduce retardance. Various birefringent elements, wave plates, 

and combinations thereof provide additional correction for residual retardance and wavefront aberrations. The optical system may be 
^ used in a photolithography tool to pattern substrates such as semiconductor substrates and thereby produce semiconductor devices. 
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CORRECTION OF BIREFRINGENCE IN 
CUBIC CRYSTALLINE OPTICAL SYSTEMS 

FIELD OF THE INVENTION 

The present invention relates, most generally, to high performance optical 
systems and lithography methods. More particularly, the present invention relates 
to an apparatus and method for compensating for the effects of intrinsic 
birefringence in optical systems using cubic crystalline optical elements. 

BACKGROUND OF THE INVENTION 

In order to increase levels of device integration for integrated circuit and 
other semiconductor devices, there is a drive to produce device features having 
smaller and smaller dimensions. In today's rapidly advancing semiconductor 
manufacturing industry, there is a related drive to produce such device features in 
a reliable and repeatable manner. 

Optical lithography systems are commonly used in the fabrication process 
to form images of device patterns upon semiconductor substrates. The resolving 
power of such systems is proportional to the exposure wavelength; therefore, it is 
advantageous to use exposure wavelengths that are as short as possible. For sub- 
micron lithography, deep ultraviolet light having a wavelength of 248 nanometers 
or shorter is commonly used. Wavelengths of interest include 193 and 157 
nanometers. 

At ultraviolet or deep ultraviolet wavelengths, the materials used to form the 
lenses, windows, and other optical elements of the lithography system, are of 
critical significance. Such optical elements must be compatible with the short 
wavelength light used in these lithography systems. 

Calcium fluoride and other cubic crystalline materials such as barium 
fluoride, lithium fluoride, and strontium fluoride, represent some of the materials 
being developed for use as optical elements for 157 nanometer lithography, for 
example. These single crystal fluoride materials have a desirably high transmittance 
compared to ordinary optical glass and can be produced with good homogeneity. 

Accordingly, such cubic crystalline materials are useful as optical elements 

in short wavelengfh optical systems such as wafer steppers and other projection 

printers used to produce small features on substrates such as semiconductor and 

other wafers used in the semiconductor manufacturing industry. In particular, 

calcium fluoride finds particular advantage in that it is an easily obtained cubic 

crystalline material and large high purity single crystals can be grown. 
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A primary concern for the use of cubic crystalline materials for optical 
elements in deep ultraviolet lithography systems is anisotropy of refr^tt^iosB§3c 
inherent in cubic crystalline materials; this is referred to as "intrin^j^TfgfftfTg^g^^ 
It has been recently reported [ J. Burnett, Z. H. Levine, and E. Shipley, "Intrinsic" 
Birefringence in 157nm materials," Proc. 2 nd Intl. Symp on 157 nm Lithography, 
Austin, Intl SEMATEC, ed. R. Harbison, 2001] that cubic crystalline materials such 
as calcium fluoride, exhibit intrinsic birefringence that scales as the inverse of the 
square of the wavelength of light used in the optical system. The magnitude of this 
birefringence becomes especially significant when the optical wavelength is 
decreased below 250 nanometers and particularly as it approaches 100 
nanometers. Of particular interest is the effect of intrinsic birefringence at the 
wavelength of 157 nanometers (nm), the wavelength of light produced by an F 2 
excimer laser favored in the semiconductor manufacturing industry. 

Birefringence, or double-refraction, is a property of refractive materials in 
which the index of refraction is anisotropic. For light propagating through a 
birefringent material, the refractive index varies as a function of polarization and 
orientation of the material with respect to the propagation direction. Unpolarized 
light propagating through a birefringent material will generally separate into two 
beams with orthogonal polarization states. 

When light passes through a unit length of a birefringent material, the 
difference in refractive index for the two ray paths will result in an optical path 
difference or retardance. Birefringence is a un'rtless quantity, although it is common 
practice in the lithography community to express it in units of nm/cm. Birefringence 
is a material property, while retardance is an optical delay between polarization 
states. The retardance for a given ray through an optical system may be expressed 
in nm, or it may be expressed in terms of number of waves of a particular 
wavelength. 

In uniaxial crystals, such as magnesium fluoride or crystal quartz, the 
direction through the birefringent material in which the two refracted beams travel 
with the same velocity is referred to as the birefringence axis. The term optic axis 
is commonly used interchangeably with birefringence axis when dealing with single 
crystals. In systems of lens elements, the term optical axis usually refers to the 
symmetry axis of the lens system. To avoid confusion, the term optical axis will be 
used hereinafter only to refer to the symmetry axis in a lens system. For directions 
through the material other than the birefringence axis, the two refracted beams will 
travel with different velocities. For a given incident ray upon a birefringent medium, 
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the two refracted rays are commonly described as the ordinary and extraordinary 
rays. The ordinary ray is polarized perpendicular to the birefringence axis and 
refracts according to Snell's Law, and the extraordinary ray is polarized 
perpendicular to the ordinary ray and refracts at an angle that depends on the 
5 direction of the birefringence axis relative to the incident ray and the amount of 
birefringence. In uniaxial crystals, the birefringence axis is oriented along a single 
direction, and the magnitude of the birefringence is constant throughout the 
material. Uniaxial crystals are commonly used for optical components such as 
retardation plates and polarizers. 

10 In contrast, however, cubic crystals have been shown to have both a 

birefringence axis orientation and magnitude that vary depending on the 
propagation direction of the light with respect to the orientation of the crystal lattice. 
In addition to birefringence, which is the difference in the index of refraction seen 
by the two eigenpolarizations, the average index of refraction also varies as a 

15 function of angle of incidence, which produces polarization independent phase 
errors. 

Crystal axis directions and planes are described herein using Miller indices, 
which are integers with no common factors and that are inversely proportional to 
the intercepts of the crystal planes along the crystal axes. Lattice planes are given 

20 by the Miller indices in parentheses, e.g. (100), and axis directions in the direct 
lattice are given in square brackets, e.g. [111 J. The crystal lattice direction, e.g. 
[111], may also be referred to as the [111] crystal axis of the material or optical 
element. The (100), (010), and (001) planes are equivalent in a cubic crystal and 
are collectively referred to as the {100} planes. For example, light propagating 

25 through an exemplary cubic crystalline optical element along the [110] crystal axis 
experiences the maximum birefringence, while light propagating along the [100] 
crystal axis experiences no birefringence. 

Thus, as a wavefront propagates through an optical element constructed 
from a cubic crystalline material, the wavefront may be retarded because of the 

30 intrinsic birefringence of the optical element. The retardance magnitude and 
orientation may each vary, because the local propagation angle through the 
material varies across the wavefront. Such variations may be referred to as 
"retardance aberrations." Retardance aberrations split a uniformly polarized 
wavefront into two wavefronts with orthogonal polarizations. Each of the orthogonal 

35 wavefronts will experience a different refractive index, resulting in different 
wavefront aberrations. These aberrations are capable of significantly degrading 
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image resolution and introducing distortion of the image field at the wavelengths of 
interest, such as 157 nm, particularly for sub-micron projection lithography in 
semiconductor manufacturing. It can be therefore seen that there is a need in the 
art to compensate for wavefront aberrations caused by intrinsic birefringence of 
5 cubic crystalline optical elements, which can cause degradation of image resolution 
and image field distortion, particularly in projection lithography systems using light 
having wavelengths in the deep ultraviolet range. 

SUMMARY OF THE INVENTION 

10 To address these and other needs, and in view of its purposes, the present 

invention provides a method and apparatus for preventing intrinsic birefringence in 
cubic crystalline optical systems from causing wavefront aberrations. The crystal 
axes of the cubic crystalline lens elements are oriented to minimize net retardance 
by balancing the retardance contributions from the individual lens elements. 

15 In one exemplary embodiment, the present invention provides an optical 

system which includes a projection lens formed of a plurality of optical elements, 
two or more of which are constructed from cubic crystalline material and oriented 
with their [110] cubic crystalline lattice direction along the system optical axis and 
with relative rotations about the optical axis to give reduced retardance for light 

20 propagating at small angles relative to the system optical axis, and one or more 
elements oriented with the optical axis substantially along the [100] cubic crystalline 
lattice direction to give reduced retardance for off-axis light propagating at larger 
angles with respect to the system optical axis. 

In another exemplary embodiment, the present invention provides an optical 

25 system which includes four optical elements which are constructed from cubic 
crystalline material and oriented with the optical axis substantially along their [110] 
cubic crystalline lattice directions. The optical elements are oriented about the 
optical axis to give reduced retardance for light propagating at small angles relative 
to the system optical axis. The system further includes an optical element oriented 

30 with its [100] crystal lattice direction substantially along the optical axis to give 
reduced retardance for light propagating at larger angles with respect to the system 
optical axis. 

In another exemplary embodiment, the present invention provides an optical 
system that includes a plurality of optical elements, two or more of which are 
35 constructed from cubic crystalline material and oriented with their [110] cubic 
crystalline lattice direction along the optical axis of the system, and with relative 
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rotations about the optical axis to give reduced retardance for light propagating at 
small angles relative to the [110] lattice direction. A stress-induced birefringence is 
applied to either a [1 10] cubic crystal optical element or a further optical element 
such as a non-cubic crystalline element or a [100] optical element, to reduce 
5 residual retardance of the optical system. 

In another exemplary embodiment, the present invention provides a method 
and apparatus for reducing retardance aberrations caused by intrinsic birefringence 
by providing a lens system, orienting two or more elements with the optical axis 
substantially along the [1 10] cubic crystalline lattice directions of the elements and 

10 one or more elements with the optical axis substantially along the [100] cubic 
crystalline lattice directions of the elements, and providing optimized relative 
rotations of the elements about the optical axis. 

In another exemplary embodiment, the present invention provides a method 
and apparatus for reducing retardance aberrations caused by intrinsic birefringence 

15 by providing a lens system defined by a lens prescription, then splitting at least one 
of the elements of the lens system into multiple cubic crystalline components, 
oriented to reduce retardance aberrations while maintaining the overall element 
dimensions defined by the lens prescription. 

In yet another exemplary embodiment, the present invention provides a 

20 method and apparatus for reducing retardance caused by intrinsic birefringence by 
providing a lens system with at least two cubic crystalline optical elements and 
providing a stress-induced birefringence to at least one of the optical elements to 
reduce residual retardance variations. 

Another aspect of the present invention is an apparatus and method for 

25 compensating for residual astigmatism due to variations in the average index of 
refraction in the cubic crystalline optical elements, through the use of at least one 
optical element whose base radius of curvature differs in orthogonal directions. 

In another exemplary embodiment, the present invention provides a 
photolithography tool including one of the above-described optical systems. 

30 In another exemplary embodiment, the present invention provides a method 

and apparatus for using the selectively oriented crystalline lens elements to form 
semiconductor devices on semiconductor substrates used in the semiconductor 
manufacturing industry. 

In another exemplary embodiment, the present invention provides a 

35 semiconductor device formed using a lithography tool including the selectively 
oriented cubic crystalline lens elements. 
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BRIEF DESCRIPTION OF THE DRAWING 

The present invention is best understood from the following detailed 
description when read in conjunction with the accompanying drawing. It is 
5 emphasized that, according to common practice, the various features of the 
drawing are not to scale. On the contrary, the dimensions of the various features 
are arbitrarily expanded or reduced for clarity. Included in the drawing are the 
following figures: 

FIG. 1 is a schematic illustration of the projection optics of an exemplary 
10 lithography system; 

FIG. 2 is a schematic illustration of an exemplary lithography system; 
FIG. 3A is a graphical representation of variation of birefringence axis 
orientation with respect to a cubic crystal lattice; 

FIG. 3B is a graphical representation of variation of birefringence magnitude 
15 with respect to a cubic crystal lattice; 

FIG. 4 is a perspective view showing angular relationships between various 
directions through an exemplary cubic crystalline lattice; 

FIG. 5A is a graphical illustration of birefringence magnitude and 
birefringence axis orientation in angular space for a cubic crystalline material with 
20 respect to the [1 10] lattice direction and indicates the azimuthal orientations of the 
off-axis peak birefringence lobes; 

FIG. 5B is a graphical illustration of birefringence magnitude and 
birefringence axis orientation in angular space for a cubic crystalline material with 
respect to the [100] lattice direction and indicates the azimuthal orientations of the 
25 off-axis peak birefringence lobes; 

FIG. 5C is a graphical illustration of birefringence magnitude and 
birefringence axis orientation in angular space for a cubic crystalline material with 
respect to the [111] lattice direction and indicates the azimuthal orientations of the 
off-axis peak birefringence lobes; 
30 FIG. 6 is a schematic illustration of an exemplary optical system with three 

cubic crystalline elements concentric about the focal point of a converging beam; 

FIG. 7A is a graphical illustration of net retardance magnitude and 
orientation across the pupil for an exemplary embodiment of the optical system 
depicted in FIG. 6 in which the optical axis extends along the [110] lattice direction 
35 for each element and the crystal axes for all elements are oriented identically; 

FIG. 7B is a graphical illustration of net retardance magnitude and 
orientation across the pupil for an exemplary embodiment of the optical system 
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depicted in FIG. 6 in which the optical axis extends along the [100] lattice direction 
for each element and the crystal axes for all elements are oriented identically; 

FIG. 7C is a graphical illustration of net retardance magnitude and 
orientation across the pupil for an exemplary embodiment of the optical system 
5 depicted in FIG. 6 in which the optical axis extends along the [1 1 1] lattice direction 
for each element and the crystal axes for all elements are oriented identically; 

FIG. 8A is a graphical illustration showing the individual contribution to the 
retardance across the pupil for the first element of the optical system depicted in 
FIG. 6, in which the first element is a [1 10] optical element and is rotated about the 
1 0 optical axis such that horizontally oriented retardance is produced along the optical 
axis; 

FIG. 8B is a graphical illustration showing the individual contribution to the 
retardance across the pupil for the second element of the optical system depicted 
in FIG. 6, in which the second element is a [110] optical element and is rotated 
15 about the optical axis such that vertically oriented retardance is produced along the 
optical axis; 

FIG. 8C is a graphical illustration showing the individual contribution to the 
retardance across the pupil for the third element of the optical system depicted in 
FIG. 6, in which the third element is a [100] optical element and is rotated about the 

20 optical axis such that the peak retardance is oriented along the pupil diagonals; 

FIG. 9A is a graphical illustration showing the combined retardance across 
the pupil for the first and second elements of the optical system depicted in FIG. 6 
according to the exemplary embodiment in which the first two elements are [1 10] 
cubic crystalline optical elements and the third element is a [100] cubic crystalline 

25 optical element; 

FIG. 9B is a graphical illustration showing the net retardance across the 
pupil for the optical system depicted in FIG. 6 according to the exemplary 
embodiment in which the first two elements are [110] cubic crystalline optical 
elements and the third element is a [100] cubic crystalline optical element; 

30 FIG. 9C is a graphical illustration showing the net retardance across the 

pupil for an optical system depicted in FIG. 6 according to another exemplary 
embodiment in which the first two elements are [110] cubic crystalline optical 
elements and the third element is a [100] cubic crystalline optical element and in 
which the third element includes a thickness selected to minimize the net RMS 

35 retardance; 
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FIG. 9D is a graphical illustration plotting the radial retardance variation 
across the first element in the optical system depicted in FIG. 6, when a 
compressive hoop stress is applied around the perimeter of the first element; 

FIG. 9E is a graphical illustration showing the individual contribution to the 
5 retardance across the pupil for the first element of the optical system depicted in 
FIG. 6, when an exemplary tensile hoop stress is applied around the perimeter of 
the element, and without including the retardance caused by intrinsic birefringence; 

FIG. 9F is a graphical illustration showing the net retardance across the pupil 
for the optical system depicted in FIG. 6, when an exemplary tensile hoop stress 
10 is applied around the perimeter of the first element to minimize the net RMS 
retardance; 

FIG. 10 is a schematic illustration showing an exemplary optical system with 
five cubic crystalline elements concentric about the focal point of a converging 
beam; 

15 FIG. 1 1 A is a graphical illustration showing net retardance magnitude and 

orientation across the pupil for an exemplary embodiment of the optical system 
depicted in FIG. 10 in which the optical axis is along the [110] lattice direction for 
each element and the crystal axes for all elements are oriented identically; 

FIG. 11 B is a graphical illustration showing net retardance magnitude and 

20 orientation across the pupil for an exemplary embodiment of the optical system 
depicted in FIG. 10 in which the optical axis is along the [100] lattice direction for 
each element and the crystal axes for all elements are oriented identically; 

FIG. 11C is a graphical illustration showing net retardance magnitude and 
orientation across the pupil for an exemplary embodiment of the optical system 

25 depicted in FIG. 10 in which the optical axis is along the [111] lattice direction for 
each element and the crystal axes for all elements are oriented identically; 

FIGS. 12A-14C are each graphical illustrations showing retardance 
magnitude and orientation for the optical system shown in FIG. 10, in which the first 
four elements are [1 10] cubic crystalline optical elements and the fifth element is 

30 a [100] cubic crystalline optical element: FIG. 12A shows the individual contribution 
to the retardance across the pupil for the first element, in which the retardance 
along the optical axis is rotated by 17.632° with respect to horizontal; 

FIG. 12B shows the individual contribution to the retardance across the pupil 
for the second element, in which the retardance along the optical axis is rotated by 

35 -1 7.632° with respect to horizontal; 
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FIG. 12C shows the individual contribution to the retardance across the pupil 
for the third element, in which the retardance along the optical axis is rotated by 
72.368° with respect to horizontal; 

FIG. 12D shows the individual contribution to the retardance across the pupil 
5 for the fourth element, in which the retardance along the optical axis is rotated by 
-72.368° with respect to horizontal; 

FIG. 13A shows the retardance across the pupil for the first and third 
elements overlapping one another; 

FIG. 13B shows the net retardance across the pupil for the first and third 
10 elements; 

FIG. 13C shows the net retardance across the pupil for the second and 
fourth elements; 

FIG. 14A shows the net retardance across the pupil for the first four 
elements; 

15 FIG. 14B shows the individual contribution to the retardance across the pupil 

for the fifth element; 

FIG. 14C shows the net retardance across the pupil; 

FIG. 15 is a schematic illustration of an exemplary large format, refractive 
projection lens; 

20 FIGS. 16A and 16B are graphical illustrations showing retardance across the 

pupil for the exemplary lens depicted in FIG. 15 at central and extreme field points, 
respectively, due to single-layer anti-reflection coatings; 

FIGS. 17A and 17B are graphical illustrations showing diattenuation across 
the pupil for the exemplary lens depicted in FIG. 15 at central and extreme field 

25 points, respectively, due to single-layer anti-reflection coatings; 

FIGS. 18A, 18B, 18C, and 18D are contour plots showing the residual 
wavefront error for the exemplary lens depicted in FIG. 15: FIG. 18A shows the 
wavefront error for an input polarization in the X direction used with an exit pupil 
analyzer in the X direction for the central field point. FIG. 18B shows the wavefront 

30 error for an input polarization in the X direction used with an exit pupil analyzer in 
the X direction for the extreme field point. FIG. 18C shows the wavefront error for 
an input polarization in the Y direction used with an exit pupil analyzer in the Y 
direction for the central field point. FIG. 18D shows the wavefront error for an input 
polarization in the Y direction used with an exit pupil analyzer in the Y direction for 

35 the extreme field point; 
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FIGS. 19A and 19B are graphical illustrations showing retardance across the 
pupil for the exemplary lens depicted in FIG. 15 at central and extreme field points, 
respectively, in which all elements are cubic crystals identically aligned in three 
dimensions, with the optical axis extending along the [110] crystal lattice direction 
5 and a peak birefringence magnitude corresponding to that of calcium fluoride at a 
wavelength of 157 nm; 

FIGS. 20A and 20B are graphical illustrations showing retardance across the 
pupil for the exemplary lens depicted in FIG. 15 at central and extreme field points, 
respectively, in which all elements are cubic crystals identically aligned in three 
10 dimensions, with the optical axis extending along the [100] crystal lattice direction 
and a peak birefringence magnitude corresponding to that of calcium fluoride at a 
wavelength of 157 nm; 

FIGS. 21 A and 21 B are graphical illustrations showing retardance across the 
pupil for the exemplary lens depicted in FIG. 15 at central and extreme field points, 
15 respectively, in which all elements are cubic crystals identically aligned in three 
dimensions, with the optical axis extending along the [111] crystal lattice direction 
and a peak birefringence magnitude corresponding to that of calcium fluoride at a 
wavelength of 1 57 nm; 

FIG. 22 is a schematic illustration showing the exemplary lens depicted in 
20 FIG. 15, with the crystal axes of the elements selected and oriented to compensate 
for intrinsic birefringence, in which the hatched elements are [100] cubic crystalline 
optical elements and all others are [110] cubic crystal optical elements; 

FIGS. 23A and 23B are graphical illustrations showing retardance across the 
pupil for the exemplary lens depicted in FIG. 22 at central and extreme field points, 
25 respectively, due to anti-reflection coatings and intrinsic birefringence of all 
elements; 

FIGS. 24A, 24B, 24C, and 24D are contour plots showing the residual 
wavefront error for the exemplary lens depicted in FIG. 22. FIG. 24A shows the 
wavefront error for an input polarization in the X direction used with an exit pupil 

30 analyzer in the X direction for the central field point FIG. 24B shows the wavefront 
error for an input polarization in the X direction used with an exit pupil analyzer in 
the X direction for the extreme field point. FIG. 24C shows the wavefront error for 
an input polarization in the Y direction used with an exit pupil analyzer in the Y 
direction for the central field point. FIG. 24D shows the wavefront error for an input 

35 polarization in the Y direction used with an exit pupil analyzer in the Y direction for 
the extreme field point; 
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FIGS. 25A and 25B are graphical illustrations showing retardance across the 
pupil for the exemplary lens shown in FIG. 1 at central and extreme field points, 
respectively due to single-layer anti-reflection coatings; 

FIGS. 26A and 26B are graphical illustrations showing diattenuation across 
5 the pupil for the exemplary lens depicted in FIG. 1 at central and extreme field 
points, respectively due to single-layer anti-reflection coatings; 

FIGS. 27A, 27B, 27C, and 27D are contour plots showing the residual 
wavefront error for the exemplary lens depicted in FIG. 1. FIG. 27A shows the 
wavefront error for an input polarization in the X direction used with an exit pupil 
1 0 analyzer in the X direction for the central field point. FIG. 27B shows the wavefront 
error for an input polarization in the X direction used with an exit pupil analyzer in 
the X direction for the extreme field point. FIG. 27C shows the wavefront error for 
an input polarization in the Y direction used with an exit pupil analyzer in the Y 
direction for the central field point FIG. 27D shows the wavefront error for an input 
15 polarization in the Y direction used with an exit pupil analyzer in the Y direction for 
the extreme field point; 

FIGS. 28A and 28B are graphical illustrations showing retardance across the 
pupil for the exemplary lens depicted in FIG. 1 at central and extreme field points, 
respectively, in which all elements are identically aligned in three dimensions, with 
20 their [110] crystal lattice direction along the optical axis and including a peak 
birefringence magnitude corresponding to that of calcium fluoride at a wavelength 
of 157 nm; 

FIGS. 29A and 29B are graphical illustrations showing retardance across the 
pupil for the exemplary lens depicted in FIG. 1 at central and extreme field points, 
25 respectively, in which all elements are identically aligned in three dimensions, with 
their [100] crystal lattice direction along the optical axis and including a peak 
birefringence magnitude corresponding to that of calcium fluoride at a wavelength 
of 157 nm; 

FIGS. 30A and 30B are graphical illustrations showing retardance across the 
30 pupil for the lens depicted in FIG. 1 at central and extreme field points, respectively, 
in which all elements are identically aligned in three dimensions, with their [111] 
crystal lattice direction along the optical axis and including a peak birefringence 
magnitude corresponding to that of calcium fluoride at a wavelength of 157 nm; 
FIG. 31 is a schematic illustration showing the exemplary lens depicted in 
35 FIG. 1 with the last two elements split into two segments with different relative 
rotations about the optical axis and the crystal axes of the elements oriented to 
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compensate for intrinsic birefringence, in which the hatched elements have their 
[100] crystal lattice direction along the optical axis and all others are oriented along 
with their [110] crystal lattice direction along the optical axis; 

FIGS. 32A and 32B are graphical illustrations showing retardance across the 
5 pupil for the exemplary lens depicted in FIG. 31 at central and extreme field points, 
respectively, due to anti-reflection coatings and intrinsic birefringence of all 
elements; 

FIGS. 33A, 33B, 33C, and 33D are contour plots showing the residual 
wavefront error for the exemplary lens depicted in FIG. 31. FIG. 33A shows the 

10 wavefront error for an input polarization in the X direction used with an exit pupil 
analyzer in the X direction for the central field point. FIG. 33B shows the wavefront 
error for an input polarization in the X direction used with an exit pupil analyzer in 
the X direction for the extreme field point FIG. 33C shows the wavefront error for 
an input polarization in the Y direction used with an exit pupil analyzer in the Y 

15 direction for the central field point. FIG. 33D shows the wavefront error for an input 
polarization in the Y direction used with an exit pupil analyzer in the Y direction for 
the extreme field point; 

FIG. 34 is a schematic illustration showing an exemplary large format, 
catadioptric projection lens; 

20 FIGS. 35A and 35B are graphical illustrations showing retardance across the 

pupil for the lens depicted in FIG. 34 at central and extreme field points, 
respectively due to single-layer anti-reflection coatings; 

FIGS. 36A, 36B, 36C, and 36D are contour plots showing the residual 
wavefront error for the lens depicted in FIG. 34. FIG. 36A shows the wavefront 

25 error for an input polarization in the X direction used with an exit pupil analyzer in 
the X direction for the central field point. FIG. 36B shows the wavefront error for 
an input polarization in the X direction used with an exit pupil analyzer in the X 
direction for the extreme field point. FIG. 36C shows the wavefront error for an 
input polarization in the Y direction used with an exit pupil analyzer in the Y 

30 direction for the central field point. FIG. 36D shows the wavefront error for an input 
polarization in the Y direction used with an exit pupil analyzer in the Y direction for 
the extreme field point; 

FIGS. 37A and 37B are graphical illustrations showing retardance across the 
pupil for the lens depicted in FIG. 34 at central and extreme field points, 

35 respectively, in an exemplary embodiment in which all elements between the 
second wave plate and the image plane are identically aligned in three dimensions, 
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with the optical axis along the [110] crystal lattice direction and a peak birefringence 
magnitude corresponding to that of calcium fluoride at a wavelength of 157 nm; 

FIGS. 38A and 38B are graphical illustrations showing retardance across the 
pupil for the lens depicted in FIG. 34 at central and extreme field points, 
5 respectively, in an exemplary embodiment in which all elements between the 
second wave plate and the image plane are identically aligned in three dimensions, 
with the optical axis along the [100] crystal lattice direction and a peak birefringence 
magnitude corresponding to that of calcium fluoride at a wavelength of 157 nm; 
FIGS. 39A and 39B are graphical illustrations showing retardance across the 

10 pupil for the lens depicted in FIG. 34 at central and extreme field points, 
respectively, in an exemplary embodiment in which all elements between the 
second wave plate and the image plane are identically aligned in three dimensions, 
with the optical axis along the [111] crystal lattice direction and a peak birefringence 
magnitude corresponding to that of calcium fluoride at a wavelength of 157 nm; 

15 FIG. 40 is a schematic illustration of the exemplary lens shown in FIG. 34 

with the last element of FIG. 34 split into two sub-elements, in which the hatched 
elements are [110] cubic crystalline optical elements, and all others are [100] cubic 
crystalline optical elements; 

FIGS. 41 A and 41 B are graphical illustrations showing retardance across the 

20 pupil for the exemplary lens depicted in FIG. 40 at central and extreme field points, 
respectively, due to anti-reflection coatings and the intrinsic birefringence of the 
front six elements, with the crystal lattice orientation of the front six elements 
chosen to minimize the variation in the retardance along horizontal and vertical 
directions; 

25 FIGS. 42A and 42B are graphical illustrations showing retardance across the 

pupil for the lens depicted in FIG. 40 at central and extreme field points, 
respectively, due to anti-reflection coatings and intrinsic birefringence of the group 
of elements between the second wave plate and the image plane; 

FIGS. 43A and 43B are graphical illustrations showing retardance across the 

30 pupil for the lens depicted in FIG. 40 at central and extreme field points, 
respectively, due to anti-reflection coatings and intrinsic birefringence of all 
elements; 

FIGS. 44A, 44B, 44C, and 44D are contour plots showing the residual 
wavefront error for the lens depicted in FIG. 40. FIG. 44A shows the wavefront 
35 error for an input polarization in the X direction used with an exit pupil analyzer in 
the X direction for the central field point. FIG. 44B shows the wavefront error for 
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an input polarization in the X direction used with an exit pupil analyzer in the X 
direction for the extreme field point. FIG. 44C shows the wavefront error for an 
input polarization in the Y direction used with an exit pupil analyzer in the Y 
direction for the central field point. FIG. 44D shows the wavefront error for an input 
5 polarization in the Y direction used with an exit pupil analyzer in the Y direction for 
the extreme field point; 

FIG. 45 is a schematic illustration of an exemplary optical system with two 
cubic crystalline elements concentric about the focal point of a converging beam; 
FIG. 46A is a graphical illustration showing the individual contribution to the 
10 retardance across the pupil for the first element of the optical system depicted in 
FIG. 45, when an exemplary compressive hoop stress is applied around the 
perimeter of the element, without including the retardance caused by intrinsic 
birefringence; and 

FIG. 46B is a graphical illustration showing the net retardance across the 
15 pupil for the optical system depicted in FIG. 45, when an exemplary compressive 
hoop stress is applied around the perimeter of the element to minimize the net RMS 
retardance. 

DETAILED DESCRIPTION OF THE INVENTION 

20 It is known in the art that cubic crystalline materials favored in high 

performance lithography systems, such as the photolithographic tools used in the 
semiconductor manufacturing industry, exhibit intrinsic birefringence, i.e., an 
inherent anisotropy in refractive index. When used for construction of elements of 
an optical system, the birefringent properties of these cubic crystalline materials 

25 may produce wavefront aberrations that significantly degrade image resolution and 
introduce field distortion. This is especially true for the demanding resolution and 
overlay requirements in today's semiconductor manufacturing industry, which 
emphasizes increased levels of integration and reduced feature sizes. 

The present invention utilizes the concept that both the birefringence 

30 direction and magnitude can be determined for a cubic crystalline material and that 
optical elements may be formed and aligned to balance, or compensate for, the 
retardance aberrations caused by the intrinsic birefringence contributions of the 
individual elements. For example, the intrinsic birefringence variation within the 
three-dimensional lattice orientation can be determined for these materials. 

35 Furthermore, when a plurality of cubic crystalline optical elements is aligned such 
that each of the optical elements has a specified three-dimensional lattice 
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orientation with respect to a common optical axis, the plurality of aligned optical 
elements will have a net retardance that varies in a known manner. 

This invention relates to a technique to compensate for the effects of 
intrinsic birefringence in optical systems employing cubic crystalline optical 
5 elements. The compensation is achieved through proper selection of the crystal 
axis directions of the individual optical elements and is applicable to optical systems 
using polarized or unpolarized radiation. In one exemplary embodiment, the 
compensation may be achieved by utilizing a sufficient number of cubic crystalline 
optical elements with the optical axis along their [1 10] crystal lattice direction. The 
1 0 invention also provides for compensating for residual astigmatism due to variations 
in the average index of refraction in various exemplary cubic crystalline optical 
systems. In one exemplary embodiment, this compensation may be achieved by 
varying the base radius of curvature of at least one optical element, in orthogonal 
directions. 

15 The various exemplary cubic crystalline optical systems and methods for 

forming aberration-free patterns on semiconductor substrates are particularly 
advantageous as feature sizes become increasingly smaller and approach the half 
wavelength of the light used to produce the patterns. Such techniques find 
particular advantage in high numerical aperture (NA) lens systems but the various 

20 aspects of the present invention find application in optical systems having both 
relatively high and relatively low numerical apertures. 

FIG. 1 is a schematic illustration showing an exemplary projection optics 
section of an exemplary lithography system. The optical system shown in FIG. 1 
is substantially similar to the optical system shown and described in the seventh 

25 embodiment of European Patent EP 1 139 138 A1 , issued to K. Omura on April 10, 
2001, the contents of which are herein incorporated by reference. The exemplary 
optical system may be a large format refractive projection lens operating at an NA 
of 0.75, a peak wavelength of 193.3 nm and 4X reduction. Such an optical system 
is intended to be exemplary only and other optical systems may be used in other 

30 exemplary embodiments. Exemplary optical system 2 may be the projection optics 
section of a lithography tool 4 in an exemplary embodiment. In the exemplary 
embodiment, optical system 2 is a projection lens disposed between exemplary 
reticle 6 and substrate 12. Reticle 6 may be considered to include the object field 
with the image field formed on substrate 12. 

35 Optical system 2 is a lens system, commonly referred to collectively as a 

"lens," composed of a plurality of individual lens elements L, optical axis 10, and 
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aperture stop (AS) 9. Reticle 6 includes a mask pattern which is to be projected 
onto surface 13 of substrate 12. According to an exemplary embodiment, substrate 
12 may be a semiconductor wafer used in the semiconductor manufacturing 
industry, and surface 13 may be coated with a photosensitive material, such as a 
5 photoresist commonly used in the semiconductor manufacturing industry. Other 
substrates may be used according to other exemplary embodiments. According to 
other exemplary embodiments within various microlithography tools, reticle 6 may 
be a photomask. Generally speaking, the reticle or photomask, hereinafter referred 
to collectively as reticle 6, is a medium which includes a pattern of clear and 

10 opaque sections that form the object field. Light is projected through the pattern 
and the pattern is projected through the lens system and onto surface 13 of 
substrate 12. The pattern projected from the reticle 6 onto substrate surface 13 
may be uniformly reduced in size to various degrees such as 10:1, 5:1, 4:1 or 
others, according to the various exemplary embodiments. The exemplary system 

15 may include a numerical aperture, NA, of 0.75, but systems having other numerical 
apertures, such as within the range of 0.60 to 0.90, may be used alternatively. 

The arrangement of the plurality of lens elements L, is intended to be 
exemplary only and various other arrangements of individual lens elements having 
various shapes may be used according to other exemplary embodiments. The 

20 element thicknesses, spacings, radii of curvature, aspheric coefficients, and the 
like, are considered to be the lens prescription. The lens system or "lens" of the 
present invention is preferably formed of a plurality of individual lens elements L, 
one or more of which may be constructed with cubic crystalline material. Cubic 
crystalline materials such as strontium fluoride, barium fluoride, lithium fluoride, and 

25 calcium fluoride may be used. Calcium fluoride is the preferred material. In an 
exemplary embodiment, each of the cubic crystalline optical elements will be 
formed of the same cubic crystalline material. The lens may include lens elements 
L which are formed of non-cubic crystalline material such as low-OH fused silica, 
also known as dry fused silica. Each of the individual lens elements, L, is arranged 

30 along a common optical axis 10. In the exemplary embodiment, optical axis 10 is 
linear. 

Figure 2 is a schematic illustration showing optical system 2 functioning as 
the projection optics section within lithography tool 4. FIG. 2 shows optical source 
8 and substrate 12. Reticle 6 is disposed between condenser optics 14 and 
35 projection optics 2 and includes the pattern to be projected onto substrate 12. The 
optical field of reticle 6 may be of various dimensions. Each of projection optics 2 
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and condenser optics 14 may include an aperture stop and a plurality of lens 
elements, windows, and other refractive and reflective members. The optical 
system shown in FIG. 2 includes linear optical axis 10 and lithography tool 4 may 
be a wafer stepper, projection printer, or other photolithography or microlithography 
5 tool used in the semiconductor industry. Lithography tool 4 may likewise be a 
scanning optical system, a step-and-repeat optical system or other microlithography 
or projection optics system. In a scanning-type optical system, a pattern on reticle 
6 is projected and scanned onto corresponding sections of surface 13 of substrate 
12. In a step-and-repeat optical system, such as a conventional wafer stepper, the 

10 pattern on reticle 6, is projected onto multiple different portions of surface 13 in a 
plurality of discrete operations. Reticle 6 is considered to be at the object field of 
lithography tool 4, while substrate 12 is considered to be at the image field of 
lithography tool 4. The reticle pattern includes various field points which are 
projected onto surface 13 simultaneously. 

15 In an exemplary embodiment, the pattern printed on reticle 6 will be used to 

create a circuit pattern on surface 13 for an integrated circuit device being formed 
on substrate 12. According to an exemplary embodiment, the pattern may be 
projected onto a photosensitive material formed on surface 13 to form an exposure 
pattern. The exposure pattern may be developed using conventional means, to 

20 produce a photo pattern in the photosensitive material. The photo pattern may be 
translated into the substrate by etching or other means. According to other 
exemplary embodiments, substrate 12 may include a series of layers of materials 
formed thereon. In this embodiment, surface 13 may be one of the layers and the 
photo pattern formed on the layer. Etching or other means may be used to translate 

25 the photo pattern into the layer. Similarly-formed photo patterns may be used to 
enable spatially selective doping using known methods such as ion implantation. 
In this manner, multiple photolithographic operations using the techniques of the 
present invention, may be used to form various circuit patterns in various layers to 
create a completed semiconductor device such as an integrated circuit. An 

30 advantage of the present invention is that images formed on the substrate have 
sufficiently low aberration to enable precisely dimensioned and aligned device 
features to be formed having reduced sizes. 

In an exemplary scanning optical system, the optical field of reticle 6 which 
is projected and scanned onto the substrate surface may have a height of 26 

35 millimeters and a width of a few millimeters. Other field dimensions may be used 
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according to other exemplary embodiments and depending on the type of 
lithography tool in which the projection optics are included. 

Optical source 8 produces a light that is subsequently shaped and 
conditioned by condenser lens 14. The optical wavelength of source 8 may vary, 
5 and may be no greater than 248 nanometers in an exemplary embodiment. In one 
exemplary embodiment, light having a wavelength of about 157 nanometers may 
be used. In an exemplary embodiment, optical source 8 may produce linearly 
polarized light. One optical source which produces linearly polarized light is an 
excimer laser. According to other exemplary embodiments, optical source 8 may 

10 produce light which is non-polarized. According to various exemplary 
embodiments, a KrF excimer laser operating at about 248 nm, an ArF excimer laser 
operating at about 193 nm, or an F 2 excimer laser operating at about 157 nm, may 
be used as optical source 8. 

The light produced by the optical source, shaped and conditioned by the 

15 condenser lens and used to project an image from the reticle or photomask onto 
the substrate, may be described as a light beam comprised of a plurality of rays. 
Light rays emanating from an individual object field point on the reticle or 
photomask form a wavefront that is projected by the projection lens to a 
corresponding image field point at the substrate. The chief ray is the ray from a 

20 given field point that passes through the center of the aperture stop and system 
pupils. For an object field point located where the optical axis intersects the reticle, 
the chief ray travels along the optical axis. The full image field is therefore 
generated by a plurality of wavefronts. 

Although described in conjunction with a lithography tool used to pattern 

25 substrates in the semiconductor industry, the various exemplary optical systems of 
the present invention are useful in any application in which a pattern is projected 
through an optical system, onto a substrate. 

FIG. 3A is a three dimensional vector plot showing the spatial variation in 
birefringence axis orientation within a material having a cubic crystalline lattice. 

30 The cubic crystalline lattice may be that of calcium fluoride, in one embodiment. 
FIG. 3B is a 3-D plot corresponding to a quadrant of the vector plot shown in FIG. 
3A, and showing the corresponding magnitude of the intrinsic birefringence. It can 
be seen that the localized magnitude and axis of the birefringence vary spatially 
throughout the crystal in a known fashion. It can also be seen that, depending on 

35 the direction along which light travels through such a cubic crystalline material, the 
birefringence magnitude and the orientation of the birefringence axis relative to the 
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direction of propagation will vary. FIG. 3B represents an octant of the crystal lattice: 
the extension of this diagram to all possible directions through the crystal gives 
twelve directions for maximum birefringence, or birefringence lobes. 

The crystal axis directions shown in FIGS. 3A and 3B are described using 
5 Miller indices, which are integers with no common factors that are inversely 
proportional to the intercepts of the crystal planes along the crystal axes. Lattice 
planes are given by the Miller indices in parentheses, e.g. (101), and axis directions 
in the crystal lattice are given in square brackets, e.g. [111]. The crystal lattice 
direction, e.g. [1 10], may also be referred to as the [110] crystal axis of the element 

10 or material, and a cubic crystalline optical element arranged with its [110] crystal 
axis along the system optical axis, may be referred to as a [1 10] optical element. 
The (100), (010), and (001) planes are equivalent in a cubic crystal and are 
collectively referred to as the {1 00} planes. 

The crystalline material can therefore be advantageously cut along a given 

15 plane and arranged such that light normal to that plane travels along a chosen axis 
direction. For example, light traveling along the [100] crystal axis 18 (i.e. along the 
[100] crystal lattice direction), which is oriented normal to the (100) crystal lattice 
plane 16, sees a fixed and deterministic localized intrinsic birefringence. The 
birefringence magnitude and birefringence axis direction encountered by a given 

20 ray therefore varies as a function of the direction along which the light ray travels 
through the crystal. 

FIG. 4 is a perspective view showing angular relationships between various 
directions through an exemplary cubic crystalline lattice. The cubic crystalline 
lattice may be that of calcium fluoride, for example. FIG. 4 includes peak intrinsic 

25 birefringence directions along the [101], [110], and [01 1] lattice directions, indicated 
by lines 22, 24, and 26, respectively. Line 20 represents the [111] crystal axis 
direction, which corresponds to a direction through the crystal without intrinsic 
birefringence. 

FIGS. 5A, 5B, and 5C are schematic representations of the variations in 
30 birefringence magnitude and birefringence axis orientation in angular space for 
optical axis orientations along the [110], [100], and [111] lattice directions, 
respectively, for the cubic crystalline lattice structure shown in FIG. 4. The center 
of the plot represents the birefringence encountered by a ray traveling along the 
indicated crystal axis and normal to the plane of the illustration. Birefringence 
35 depicted at increased radial distance from the center represents the birefringence 
for rays at increased angles of propagation with respect to the optical axis. In each 
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of FIGS. 5A-5C, the localized birefringence axis is indicated by the direction of lines 
plotted on a square grid, and the magnitude is indicated by the relative length of the 
lines. 

The variation of birefringence magnitude in FIGS. 5A-5C is characterized by 
5 several lobes, also referred to as nodes, distributed azimuthally in which the 
birefringence is maximized. Each of FIGS. 5A-5C shows peak intrinsic 
birefringence lobes with respect to the various crystal axis directions and the cubic 
. crystalline lattice shown in FIG. 4. The spatial orientation of the cubic crystalline 
lattice is indicated by the other related crystalline lattice directions indicated by the 

10 arrows. For example, in FIG. 5A in which the center represents birefringence 
encountered by a ray traveling along the [110] crystal axis, a ray traveling along the 
[101] lattice direction is at a greater angle with respect to the [110] crystal axis than 
a ray traveling along the [111] lattice direction; these ray angles are at 60° and 
35.3°, respectively. This is indicated by the [101] arrowhead positioned at a greater 

15 radial distance from center than the [111] arrowhead. The relative azimuthal 
directions of the indicated [100], [101], and [111] lattice directions are as shown in 
FIG. 4. This description applies to FIGS. 5B and 5C as well. 

Referring to FIGS. 5A-5C, in each case, the indicated crystal axis is the 
direction normal to the plane of the figure and at the center of each of the 

20 respective figures. FIG. 5A shows intrinsic birefringence with respect to the [1 1 0] 
lattice direction, including peak intrinsic birefringence lobes 29A, 29B, 29C and 29D 
which each forms an angle of 60° with respect to the [110] crystal axis direction. 
Intrinsic [110] birefringence also includes central birefringence node 29E. FIG. 5B 
shows intrinsic birefringence with respect to the [100] lattice direction, including 

25 peak birefringence lobes 31A, 31B, 31C and 31D each of which forms a 45° angle 
with respect to the [100] crystal axis direction. There are also peaks along the 
diagonals at 90° not depicted. FIG. 5C shows intrinsic birefringence along the [111] 
lattice direction and which includes peak birefringence lobes 33A, 33B, and 33C, 
each of which forms an angle of 35.3° with respect to the [111] crystal lattice 

30 direction. 

The crystal lattice and resulting intrinsic birefringence lobes with respect to 
the crystal axes such as shown in FIGS. 5A-5C, are for the exemplary embodiment 
in which the cubic crystals are negative cubic crystals; that is the ordinary refractive 
index is greater than the extraordinary index, so the birefringence, n e - n 0 , is 
35 negative. Calcium fluoride is an exemplary negative cubic crystal. For positive 
cubic crystals, the patterns would be substantially similar except the lines would be 
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each rotated by 90 degrees about their midpoints. It should be understood that 
other cubic crystalline optical elements such as barium fluoride, lithium fluoride, and 
strontium fluoride might be used as optical elements in other exemplary 
embodiments of the present invention. With respect to any cubic crystalline 
5 material used, the variations in the intrinsic birefringence direction and magnitude 
can be measured, or calculated using computer modeling. Furthermore, the 
variations in intrinsic birefringence direction and magnitude of an optical material 
may also be measured. Graphical representations of the variations in birefringence 
magnitude and axis orientations similar to those shown in FIGS. 5A-5C, can be 

1 0 similarly generated for each of the aforementioned cubic crystalline materials. 

Referring again to FIG. 1, it can be understood that if each of individual lens 
elements L is formed of the same cubic crystalline optical material such as calcium 
fluoride and the individual lens elements L, or optical elements, are arranged along 
a common optical axis and aligned such that each of individual lens elements L that 

15 is constructed from a cubic crystalline material, includes substantially the same 
three dimensional lattice orientation with respect to the optical axis 10, then the net 
retardance of the lens system (i.e., optical system 2) will have a retardance that 
varies across the system exit pupil in a similar manner to the angular intrinsic 
birefringence variation shown schematically in FIGS. 5A-5C. 

20 

EMBODIMENT 1 

FIG. 6 shows an exemplary arrangement of an optical system used to 
demonstrate the basic technique for mitigating the effects of intrinsic birefringence. 
This exemplary optical system consists of an aberration free light beam converging 

25 toward a focus at a numerical aperture of 0.707, giving maximum ray angles of 45° 
through each element. The beam passes through three cubic crystalline elements 
42, 44 and 46 whose radii of curvature are specified to be concentric with focal 
point 40 of the beam. Cubic crystalline elements 42, 44 and 46 have thicknesses 
43, 45 and 47, respectively. In an exemplary embodiment, each of thicknesses 43, 

30 45 and 47 may be 5 mm and cubic crystalline elements 42, 44 and 46 may be 
assumed to have a birefringence magnitude, n e - n ot of -12 x 10" 7 , corresponding 
to the intrinsic birefringence of calcium fluoride measured at a wavelength of 157 
nm as suggested in D. Krahmer, "Intrinsic Birefringence in CaF 2 ," at Calcium 
Fluoride Birefringence Workshop, Intl SEMATECH, July 18 2001, the contents of 

35 which are hereby incorporated by reference. In this exemplary configuration, the 
elements do not contribute wavefront aberration to the converging beam other than 
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retardance aberrations produced by intrinsic birefringence. For this example, the 
wavelength is 157.63 nm, and the ordinary index of refraction is assumed to be 
1.5587. 

In one exemplary embodiment, the optical system shown in FIG. 6 may be 
5 arranged such that each of elements 42, 44 and 46 are arranged along a common 
optical axis and such that the three-dimensional crystal lattice for each element is 
aligned identically. FIGS. 7A, 7B, and 7C show how the retardance varies over the 
exit pupil for cases in which the optical axis is along the [110], [100], and [111] 
lattice directions, respectively, and the three-dimensional crystal lattice for each 

10 element is aligned identically. 

FIGS. 7A, 7B and 7C are each graphical illustrations of net retardance 
magnitude and orientation across the pupil for the exemplary optical system shown 
in FIG. 6. In these plots, and the retardance pupil maps to follow, the retardance 
is shown on a square grid across the system exit pupil for the optical system of 

15 interest, and is described in general by ellipses which sometimes degenerate into 
lines that show the eigenpolarization states (i.e., the polarization state that remains 
unchanged for a ray propagating through the optical system at given pupil 
coordinates). The size of the ellipse or length of the line at a given pupil coordinate 
is proportional to the relative strength of the retardance and the angle is related to 

20 the angle of the retardance axis. 

Also, for each of the lens and corresponding retardance map embodiments 
described herein, the coordinates are defined using a right-handed coordinate 
system such that the system optical axis is in the +Z direction from the object 
towards the image plane, the +Y axis is in the vertical direction, and the +X 

25 direction is orthogonal to the Y and Z axes. For all exit pupil retardance and 
wavefront maps provided herein, the plots describe variations over an exit pupil 
reference sphere for a given field point using a Cartesian coordinate system, where 
the X and Y coordinates are coordinates on the reference sphere projected onto a 
plane perpendicular to the chief ray. 

30 Returning now to FIGS. 7A, 7B, and 7C, it can be seen that, in each case, 

the peak retardance is approximately 0.1 1 waves, and the RMS retardance is about 
0.029 waves at a 157 nm wavelength. Thus, a significant amount of retardance is 
produced for each of the optical axis directions through the crystal lattice in the 
exemplary commonly aligned systems. 

35 In the present invention, the crystal axes and relative rotations of the 

individual elements with respect to the system optical axis are selected such that 
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the retardance produced by the intrinsic birefringence of the individual elements 
combines to minimize the net retardance experienced by light traveling through the 
system. The cubic crystalline optical elements are oriented and clocked to produce 
a net retardance that is less than the sum of retardance produced by the intrinsic 
5 birefringence of the respective individual cubic crystalline optical elements. 

In one embodiment, the present invention provides at least three optical 
elements, in which at least two of the elements are oriented with the optical axis 
along their [110] crystal axes and at least one of the elements is oriented with its 
[100] crystal axis along the system optical axis. 

10 This embodiment may be applied to the exemplary optical system shown in 

FIG. 6. In embodiment 1 of the present invention, the first two elements 46 and 44 
are oriented along the [110] cubic crystalline lattice direction and the third element 
42 is oriented along the [100] lattice direction, although the specific order of the 
elements may be varied in other exemplary embodiments. Furthermore, the crystal 

1 5 lattices of the [1 1 0] first 46 and second 44 elements are rotated by 90 degrees with 
respect to one another in a plane perpendicular to the optical axis. This rotation 
about the optical axis is known as "clocking". 

FIGS. 8A, 8B, and 8C are graphical illustrations showing the retardance 
magnitude and orientation over the pupil for the individual elements in the 

20 arrangement of the first exemplary embodiment of the optical system shown in FIG. 
6, as described above. FIGS. 8A, 8B and 8C represent the individual retardance 
contributions for the first 46, second 44, and third 42 cubic crystalline optical 
elements, respectively. First element 46 is referred to as a [1 10] optical element 
and is oriented with its [110] crystal axis along the system optical axis, such that the 

25 retardance along the optical axis is oriented horizontally, as depicted in FIG. 8A. 
Second element 44 is referred to as a [1 10] optical element and is oriented with its 
[110] crystal axis along the system optical axis, such that the retardance along the 
optical axis is oriented vertically, as depicted in FIG. 8B. Third element 42 is 
referred to as a [100] optical element and is oriented with its [100] crystal axis along 

30 the optical axis, such that the peak birefringence occurs along the pupil diagonals 
at azimuthal angles of + 45 degrees, as depicted in FIG. 8C. Hereinafter, an optical 
element referred to as an [XYZ] optical element, is understood to be an optical 
element oriented with its [XYZ] lattice direction or its [XYZ] crystal axis, along the 
system optical axis. 

35 By orienting the first two optical elements with their [110] crystal axes along 

the optical axis, but rotated 90 degrees about the common system optical axis with 
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respect to one another, the horizontally oriented retardance produced by first 
element 46 for light propagating near the optical axis may be balanced by the 
vertically-oriented retardance produced by second element 44. Because the 
retardance orientation of the second element is orthogonal to that of the first 
5 element and equal in magnitude, the effect is to correct the retardance aberration 
near the center of the pupil, and produce a net retardance of essentially zero. 
Stated alternatively, the two individual retardances produced by first element 46 
and second element 44, cancel each other to produce a net retardance of 
essentially zero. The first two optical elements therefore have their three- 

10 dimensional crystal lattices at a fixed rotation angle about the optical axis with 
respect to each other. The elements are optimally clocked such that respective 
birefringence lobes are aligned at different three dimensional positions. Stated 
alternatively, the peak birefringence lobes of the first two [1 10] optical elements 46 
and 44 are rotated with respect to each other. According to other exemplary 

15 embodiments, the [1 10] optical elements may be rotated by angles other than 90 
degrees and in still other exiemplary embodiments, other cubic crystalline optical 
elements may be used and rotated or clocked about the optical axis and with 
respect to each other, such that their respective three dimensional lattice directions 
are not identically aligned and so as to produce a net retardance that is reduced 

20 relative to the arrangement in which the elements have their three-dimensional 
crystal lattices aligned substantially identically. 

FIG. 9A shows the net retardance of the first and second elements of the 
first exemplary embodiment of the optical system depicted in FIG. 6 and as > 
described above. As shown, the retardance is corrected to essentially zero near 

25 the center of the pupil, as well as along horizontal and vertical sections bisecting 
the pupil. Residual retardance is noted, however, along the pupil diagonals, and 
is oriented at roughly ± 45 degrees, directed towards the center of the pupil. 

Returning to FIG. 8C, the retardance produced by third element 42 of the 
first exemplary embodiment of the optical system depicted in FIG. 6 oriented with 

30 its [100] crystal axis along the optical axis, has peak retardance along the diagonals 
of the pupil, but the magnitude of the retardance is opposite in sign to the net 
retardance produced by the first and second elements 46 and 44, as shown 
graphically in FIG. 9A. In the exemplary embodiment, the [100] optical element is 
rotated about the common optical axis such that the peak birefringence lobes are 

35 rotated substantially by 45° with respect to the directions of the local birefringence 
axes along the [110] crystal axes of the two, 90° clocked [110] optical elements. 
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It can therefore be seen that the retardance orientation for the contribution of the 
third element (FIG. 8C) is approximately orthogonal to the net contribution from the 
first and second elements (FIG. 9A). 

FIG. 9A shows that two [110] optical elements at 90 degree relative rotations 
5 about the optical axis, produce a residual retardance error along the diagonals, but 
provide for corrected retardance along horizontal and vertical slices through the 
center of the pupil. Using the same principles, a [100] optical element may be used 
to further reduce the overall retardance. 

FIG. 9B shows net retardance due to the contributions from all three 

10 elements of the first exemplary embodiment of the optical system depicted in FIG. 
6. It should be understood that the [100] optical element may be either first element 
46, second element 44 or third element 42, with essentially the same result The 
residual net retardance is oriented roughly azimuthally and increases from zero at 
the center of the pupil to a peak at the edge of the pupil. The peak retardance is 

15 approximately 0.019 waves, and the RMS retardance over the pupil is 
approximately 0.005 waves. In comparison to the uncorrected birefringence shown 
in FIGS. 7A, 7B and 7C, each having a peak retardance of approximately 0.11 
waves and a RMS retardance of approximately 0.029 waves, it can be understood 
that the peak retardance has been reduced by a factor of roughly six. 

20 According to another exemplary embodiment in which thickness 43 of third 

element 42 is about 2.3 mm, the peak retardance may be reduced to 0.0139 
waves, with an RMS retardance of 0.0041 waves. This retardance is shown in FIG. 
9C. According to this exemplary embodiment, the peak retardance was reduced 
by a factor of approximately eight. According to other exemplary embodiments, 

25 other thicknesses may be used for elements 42, 44 and 46 to yield different 
retardance values. 

According to another exemplary embodiment, the residual error in FIG. 9B 
may be further reduced by a birefringent element that produces radially-oriented 
retardance that increases in magnitude from the center to the edge of the 

30 component. Such an element may be produced by applying a hoop stress to the 
edge of a meniscus optical component and added to the exemplary optical system 
of the first embodiment and as shown in FIG. 6. The applied stress creates a 
spatially varying birefringence to compensate for the computed or measured 
birefringence variation within the optical system as shown in FIG. 9B. Various 

35 stresses may be applied to various optical elements to achieve the spatially varying 
birefringence. The stressed optical element may be a lens element or a window 
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and aligned along the optical axis. Various techniques may be used to apply the 
stress. 

FIG. 9D shows the spatial radial retardance variation induced by applying an 
exemplary compressive hoop stress, of .1000 pounds per square inch to first 
5 element 46 of Figure 6. In this exemplary embodiment, eiement 46 has radii of 
curvature of 40 and 35 mm and a central thickness of 5 mm. Differently shaped 
elements will have different radial retardance variations, which can be used to 
substantially cancel the retardance contributions such as those shown in FIG. 9B. 
The stress induced birefringence varies spatially over the element, which is 

10 fundamentally different than retardance from intrinsic birefringence that varies as 
a function of the angle of a ray with respect to the crystal axis. This provides 
another important tool for reduction of system retardance. 

According to the exemplary embodiment illustrated in FIG. 6, in which the 
first two elements 46 and 44 are [110] cubic crystalline optical elements, third 

15 element 42 is a [100] cubic crystalline optical element, and all elements are 5 mm 
thick, first element 46 may include a tensile hoop stress of approximately 24 lbs./in 2 
applied around the perimeter to minimize the net RMS retardance. The relative 
crystal lattice orientations for optical elements 42, 44 and 46 are as described 
above. 

20 FIG. 9E is a graphical representation depicting the individual retardance 

contribution due to the stress-induced birefringence of first element 46 shown in 
FIG. 6. FIG. 9E shows the individual contribution to the retardance across the pupil 
for first element 46, when a tensile hoop stress of approximately 24 lbs./in 2 is 
applied around the perimeter of the element, and does not include the retardance 

25 caused by intrinsic birefringence. FIG. 9E indicates a peak retardance of 0.0170 
waves and RMS retardance of 0.0055 waves. In this exemplary embodiment, the 
radially oriented retardance produced by the stress eiement compensates for the 
residual retardance for the embodiment without stress-induced birefringence 
depicted in FIG. 9B. 

30 FIG. 9F is a graphical illustration showing the net retardance across the pupil 

for the exemplary embodiment including the stress-induced birefringence of first 
element 46. With a tensile stress of approximately 24 lbs./in 2 applied to first element 
46, the maximum residual retardance is 0.0073 waves, and the RMS retardance is 
0.0024 waves for the optical system. This represents a significant improvement 

35 over the respective peak and RMS retardance values of 0.019 and 0.005 waves, 
respectively, that result without applying stress-induced birefringence to first 
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element 46, as shown in FIG. 9B. The applied stress is intended to be exemplary 
only and various other applied stresses of different magnitudes, may be used 
depending on the residual retardance of the system which, in turn, depends on the 
number and types of cubic crystalline optical elements, the orientation and 
5 thickness of the optical elements, and the like. 

According to yet another exemplary embodiment in which the first two 
elements 46 and 44 are [110] cubic crystalline optical elements and third element 
42 is a non-cubic crystalline, non-birefringent element, a tensile hoop stress may 
be applied around the perimeter of third element 42 to minimize the net RMS 

10 retardance using the principles as above. Various stress values may be applied. 

Another aspect of the present invention is the method for measuring or using 
computer modeling to determine the retardance of an optical system, identifying an 
optical element or elements to have stress-induced birefringence applied thereto, 
then applying the compressive or tensile stress as a hoop or other stress, to 

15 produce stress-induced birefringence as described above, to reduce residual 
retardance. 

According to other exemplary embodiments having a residual retardance . 
that is constant, or which varies after correction, various birefringent elements may 
be added to correct for the residual retardance. In an exemplary embodiment, a 

20 wave plate may be added to the system to correct for constant retardance; this 
wave plate may constructed from stressing a parallel plate. According to other 
exemplary embodiments, a powered birefringent element having constant 
birefringence magnitude may be used to compensate for residual variations in 
retardance. The powered element may be a uniaxial crystalline material or it may 

25 include a stress-induced birefringence, as above. Other optical elements with 
stress-induced birefringence may additionally or alternatively be used to correct for 
residual retardance variation. The various exemplary optical elements may include 
a stress that varies linearly across the element or quadratically in the radial 
direction, along an axis substantially orthogonal to the optical axis. The birefringent 

30 element or elements will be chosen and positioned to correct for the constant or 
varying retardance residual in the system after correction as above. 

EMBODIMENT 2 

According exemplary embodiment 2, the present invention provides an 
35 apparatus that achieves reduced retardance through the use of at least four [1 1 0] 
optical elements and at least one [100] optical element. In the illustrated 
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embodiment shown in FIG. 10, the present invention provides an apparatus having 
four elements with their [110] crystal axes along the system optical axis and one 
element with its [100] crystal axis along the system optical axis. 

The relative orientations of the lattice directions in the plane perpendicular 
5 to the optical axis may be adjusted for the [1 1 0] optical elements. This technique 
is known as "clocking" or rotating the crystal lattice orientation of elements aligned 
along a common optical axis. The relative orientations may be selected in a 
particular manner that relates to the azimuthal orientations of the off-axis peak 
birefringence lobes. 

10 Referring to FIG. 4, there are peak birefringence lobes at 60° with respect 

to the [110] crystal axis, corresponding to the [011] and [101] directions (as well as 
two additional lobes not shown in FIG. 4). 

FIG. 5A shows a retardance pupil map for a [110] optical element As 
shown, the four outer birefringence lobes are not distributed by equal azimuthal 

1 5 angles. If the crystal lattice is defined to give horizontally oriented retardance along 
the optical axis for a negative birefringence magnitude, n e - n 0i the peaks are at 
azimuthal angles of ± 35.26° and ± 144.74°. 

FIG. 10 shows an optical system according to the second exemplary 
embodiment. This exemplary five-element optical system consists of an aberration- 

20 free light beam converging toward a focus 50 at a numerical aperture of 0.707, 
giving maximum ray angles of 45° through each element. Cubic crystalline optical 
elements 52, 54, 56, 58 and 60 are aligned along optical axis 51. A light beam 
passes through five cubic crystalline elements 52, 54, 56, 58 and 60 whose radii 
of curvature are each concentric with the focal point 50 of the beam. In an 

25 exemplary embodiment, the elements each have thicknesses of about 2.5 mm, and 
are assumed to have a birefringence magnitude each, n e - n 0 , of -12 x 10~ 7 , 
corresponding to the intrinsic birefringence of calcium fluoride measured at a 
wavelength of 157 nm. According to other exemplary embodiments, other 
thicknesses may be used. In this configuration, the elements do not contribute 

30 wavefront aberration to the converging beam, other than retardance aberrations 
produced by intrinsic birefringence. According to an exemplary embodiment, the 
wavelength of light may be 157.63 nm, and the ordinary index of refraction may be 
1.5587. Other wavelengths and indices of refraction may be used in other 
exemplary embodiments. 

35 FIGS. 11 A, 11B, and 11C are graphical representations showing how the 

retardance varies over the exit pupil for cases in which each of elements 52, 54, 56, 
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58 and 60 of FIG. 10 are [110], [100], and [111] optical elements, respectively, and 
the three-dimensional lattice for each element is aligned identically. In each case, 
the peak retardance is approximately 0,095 waves, and the RMS retardance is 
about 0.024 waves at the indicated wavelength of 157 nm. Thus, a significant 
5 amount of retardance is produced for each of the optical axis directions through the 
crystal lattice. 

According to the second exemplary embodiment, as applied to the 
exemplary optical system depicted in FIG. 10, the first four elements 52, 54, 56 and 
58 are oriented with their [110] crystal axes along optical axis 51 and fifth element 

10 60 is oriented with its [100] crystal axes along optical axis 51 . According to other 
exemplary embodiments, the specific order of the components may be changed. 
According to this second exemplary embodiment, the relative clockings of the four 
elements 52, 54, 56 and 58 with optical axes along the [110] direction, may be, in 
order, 17.632°, -17.632°, 72.368°, and -72.368°. Fifth [100] element 60 is oriented 

15 such that the peak birefringence lobes are at azimuthal angles of ± 45°. 

FIGS. 12A to 12D show the retardance maps for the individual element 
contributions for the four [110] optical elements in which the four elements are 
clocked as described above. 

Relative to an element clocking that provides horizontally oriented 

20 retardance along the optical axis, first element 52 is rotated by 17.632°, which 
locates the peak birefringence lobes at azimuthal angles of 52.897°, 162.368°, - 
17.632°, and -127.104°. The retardance map for the retardance contribution from 
first element 52 is shown in FIG. 12A. 

FIG. 12B shows the retardance contribution of second element 54, which is 

25 rotated by -17.632° to position the peak birefringence lobes at azimuthal angles of 
17.632°, 127.104°, -52.897°, and -162.368°. 

FIG. 12C shows the retardance contribution of third element 56, which is 
rotated by -72.368° to position the peak birefringence lobes at azimuthal angles of 
107.632°, 37.104°, -72.368°, and -142.896°. 

30 FIG. 12D shows the retardance contribution of fourth element 58, which is 

rotated by -72.368° to position the peak birefringence lobes at azimuthal angles of 
72.368°, 142.896, -37.104°, and -107.632°. The relative clockings of the four 
elements with optical axes along the [1 10] lattice direction are related to half of the 
azimuthal angle shown in FIG. 5A, i.e. ± 17.632° or ± (90-17.632)°. 

35 As shown in FIGS. 12A and 12D, the retardance contribution of first element 

52 is orthogonal to that of fourth element 58 near the center 61 of the pupil. 
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Similarly, FIGS. 12B and 12C show that the retardance contribution of second 
element 54 is orthogonal to that of third element 56 near the center 61 of the pupil. 

FIG. 13A shows the individual retardance contributions of the first and third 
elements 52 and 56 overlapping one another. Over central portion 62 of the pupil, 

5 the retardance orientations are crossed at an average angle of roughly 45°. At 
positions 64 along the outer edge of the pupil and along the -45° diagonal, the 
retardance orientations are the same. 

FIG. 13B shows the net retardance for the combination of first element 52 
and third element 56. Over a wide region of the pupil along the 45° diagonal, the 

10 retardance is oriented at a 45° angle. At the edge of the pupil along the -45° 
diagonal, the retardance is oriented at -45°. Similarly, FIG. 13C shows the net 
retardance of second element 54 and fourth element 58, which gives a retardance 
orientation over the pupil that is roughly orthogonal to the net retardance of the first 
and third elements as shown in FIG. 13B. 

15 FIG. 14A shows the net retardance for the four elements 52, 54, 56 and 58 

with their respective [110] crystal axes along optical axis 51, and oriented as 
described above. The maximum retardance is 0.0181 waves and the RMS 
retardance is 0.0049 waves, which is a reduction in retardance of roughly a factor 
of five compared with all of the element crystal lattices aligned identically in three 

20 dimensions as depicted in FIGS. 11 A, 11B and 11C. The residual retardance 
orientation is radial with larger retardance magnitude along the ± 45° diagonals. 

The retardance contribution for fifth element 60, which is oriented to have its 
[100] lattice direction along the optical axis, is shown in FIG. 14B. As shown, the 
retardance is similar in magnitude to the residual net retardance of the first four 

25 elements 52, 54, 56 and 58 shown in FIG. 14A, and the orientation is generally 
perpendicular across the pupil. This allows for nearly perfect correction or 
canceling of the retardance. According to the second exemplary embodiment in 
which the first four [110] optical elements 52, 54, 56 and 58 are aligned along 
optical axis 51 and have a net retardance shown in FIG. 14A and in which the fifth 

30 optical element 60 is aligned to have its [100] crystal axis along optical axis 51 , the 
net retardance for all five elements has a maximum of about 0.0007 waves and 
RMS retardance of 0.0002 waves as shown in Figure 14C. 

The second exemplary embodiment thus shows that four [110] optical 
elements and one [100] optical element with identical thicknesses and ray angles 

35 are aligned to reduce the peak retardance from 0.0952 waves when all elements 
are identically oriented [110] elements, to a peak of 0.0007 waves, and the RMS 
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retardance is reduced from 0.0229 waves to 0.0002 waves, a reduction by a factor 
of more than 100 in both cases. 

It should be understood that the first embodiment with two [1 1 0] optical 
elements and one [100] optical element, and the second embodiment with four 
5 [110] optical elements and one [100] optical element, are exemplary only and that 
various numbers of optical elements may be used and clocked, in accordance with 
the preceding principles to balance the individual intrinsic birefringence 
contributions of the elements and produce a reduced net birefringence and 
retardance. These principles may be applied to lens systems, including cubic 

10 crystalline lens elements exclusively or they may be applied to lens systems 
including cubic crystalline and other lens elements. 

Also as described in conjunction with embodiment 1 , one or more stress 
birefringent elements, wave plates, or combinations thereof may additionally be 
used to correct for residual birefringence variation and constant residual retardance 

15 which remains after the above-described system corrections have been made. 

CONCEPTS OF THE INVENTION 

The basic principles used to compensate the effects of intrinsic 
birefringence, as applied to the first and second exemplary embodiments 

20 corresponding to the exemplary lens arrangements shown in FIGS. 6 and 10, 
respectively, can be extended to compensate for the effects of intrinsic 
birefringence effects in various other high-performance, high numerical aperture 
optical systems, such as those used for photolithography in other exemplary 
embodiments. The principles apply both to refractive and catadioptric lens systems 

25 and may be used when designing new lens systems or to improve a known lens 
prescription. 

According to other exemplary refractive and catadioptric lens systems, the 
individual lens element thicknesses, radii of curvature, aspheric coefficients, and 
ray angles may differ significantly from component to component. Additional non- 
30 cubic crystalline lens elements may optionally be included. Nonetheless, it will be 
shown in the embodiments to follow as in the previous embodiments, that the 
crystal orientation and relative clockings of the components may be chosen to 
reduce birefringence and therefore retardance. The illustrated embodiments show 
optical elements having their [110] crystal axes along the optical axis, used in 
35 conjunction with optical elements having their [100] crystal axes along the optical 
axis to balance, or cancel retardance aberrations produced by intrinsic 
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birefringence. A general concept of the present invention is to provide an optical 
system which includes a projection lens formed of a plurality of optical elements, 
two or more of which are constructed from cubic crystalline material and oriented 
with their [1 1 0] cubic crystalline lattice direction along the system optical axis and 
5 with relative rotations about the optical axis to give reduced retardance for light 
propagating at small angles relative to the system optical axis, and one or more 
elements oriented with the optical axis substantially along the [100] cubic crystalline 
lattice direction to give reduced retardance for light propagating at larger angles 
with respect to the system optical axis, that is, locations off the optical axis. 

10 In other embodiments, an element or elements having their [111] crystal 

axes aligned along the optical axis, as shown in FIG. 5C, may be used in 
conjunction with other element combinations to substantially cancel the retardance 
throughout the field using the same principles described for the [110] and [100] 
embodiments. In various exemplary embodiments, lens design software may be 

15 used to generate the lens prescription including positioning of the individual lens 
elements, as well as thicknesses, radii of curvature, aspheric coefficients and the 
like. In one embodiment, the RMS retardance may be computed over a pupil grid 
at each field point and used as the merit function for a damped least squares 
optimization using the commercially available lens software, CODE V, for example. 

20 A computer may be used to optimize the orientation and clocking of each of the 
elements in the system. 

Phase aberrations, such as astigmatism, introduced by the average index . 
variations in the cubic crystalline elements, may be compensated using one or 
more surfaces with different radii of curvature along orthogonal directions. The 

25 variation in average index of refraction produced by [100] optical elements is 
generally more easily compensated than the variation produced by [110] optical 
elements, due to a more gradual variation in average index of refraction as a 
function of propagation angle with respect to the optical axis. Therefore, a 
sufficiently high number of [100] optical lens elements may advantageously be used 

30 along the optical axis to minimize high-order variations in average index of 
refraction. 

According to other exemplary embodiments, the thicknesses of the 
components, the spacings between the components, and the radii of curvature and 
aspheric coefficients of the lens elements, may similarly be optimized to balance 
35 aberrations and reduce retardance across the field. According to yet another 
exemplary embodiment, the cubic crystalline lens elements may be selected and 
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positioned such that elements having a birefringence magnitude that is opposite in 
sign to another lens element or elements, may be used together to substantially 
cancel retardance produced by intrinsic birefringence and produce a net retardance 
of near zero throughout the field. For example, a calcium fluoride lens element 
5 (having a negative birefringence magnitude) may be used in conjunction with a 
barium fluoride lens element (having a positive birefringence magnitude) and 
aligned along the same crystal lattice direction, so that the retardance throughout 
the field is substantially cancelled. 

The third, fourth and fifth embodiments are based on lens prescriptions 

10 published in the art. Such are intended to be exemplary only and the principles and 
concepts of the present invention may be applied to any of various other lens 
arrangements. Application of the present invention is of particular interest for high 
numerical aperture optical systems for photolithography at an exposure wavelength 
near 157 nm, such as that produced by an F 2 excimer laser. Because many of the 

15 available optical systems described in the art include lower numerical apertures and 
operate at longer wavelengths such as 193 nm, the techniques of the present 
invention are illustrated by application to exemplary known optical systems 
designed for an exposure wavelength near 193 nm, corresponding to the 
wavelength produced by an ArF excimer laser, commonly used in photolithography. 

20 It should be understood, however, that the principles and techniques of the present 
invention apply equally to high numerical aperture systems and systems operating 
at 157 nm. 

To estimate the effects of intrinsic birefringence in high numerical aperture 
lenses designed for a central wavelength of 157 nm, in which the refractive 

25 elements are primarily constructed from calcium fluoride, each element in the 
following embodiments, which may be constructed from fused silica or calcium 
fluoride in the various embodiments, is assumed to have a peak intrinsic 
birefringence of (n e - n 0 ) = -12 x 10" 7 , which is roughly equivalent to the measured 
peak intrinsic birefringence in calcium fluoride at a wavelength of 157 nm. 

30 In this manner, the method for compensation of intrinsic birefringence in 

similar high numerical aperture lenses designed for 157 nm may be demonstrated 
using known exemplary lens descriptions designed for a central wavelength of 193 
nm as starting points. The change in central wavelength may result in a change in 
refractive index of the refractive components and may warrant the use of fluoride 

35 materials such as calcium fluoride, but the types of elements used and distributions 
of ray angles for a given numerical aperture are similar enough to allow a lens 
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designed for a central wavelength of 193 nm to be used to demonstrate the 
inventive techniques for mitigating the effects of intrinsic birefringence in high 
numerical aperture lenses, particularly at a central wavelength of 157 nm. 

In the descriptions of embodiments 3, 4 and 5 that follow, each refractive 
5 surface is assumed to have a hypothetical, single layer anti-reflection coating with 
an index of refraction equal to the square root of the element index of refraction and 
with an optical thickness of a quarter wave at a wavelength of 193.3 nm. The 
indices of refraction for calcium fluoride and fused silica used in each of the 
embodiments are assumed to be 1.501455 and 1.560326, respectively, at a 

10 wavelength of 1 93.3 nm. Different coatings will introduce different retardance and 
phase aberrations and will require slightly different compensation. It should be 
understood, however, that the method demonstrated for the single hypothetical 
coating is applicable to systems with various other physical coatings. 

In each of embodiments 3-5 that follow, the corrected optical system is 

15 based on a given lens prescription. The given lens prescription may be maintained 
and the effects of intrinsic birefringence compensated for, using the techniques 
described above, and additionally or alternatively by the splitting of one or more 
lens elements of the given prescription, into two or more sub-elements. The 
principles of the present invention may, however, be advantageously be applied to 

20 various other new lens prescriptions being designed, with the advantages of the 
present invention incorporated into the lens design. 

Furthermore, one or more birefringent elements, wave plates, or 
combinations thereof as described in conjunction with embodiments 1 and 2, may - 
additionally be used to correct for residual birefringence variation and constant 

25 residual retardance after the described corrections have been made to the systems 
as described in embodiments 3, 4 and 5. 

EMBODIMENT 3 

The third exemplary embodiment for application of the compensation 
30 techniques for intrinsic birefringence may be described in conjunction with an 
exemplary all-refractive projection lens used for photolithography. Such an 
exemplary lens is provided in the fifth embodiment of European Patent No. 1 139 
138 by Y. Omura, the contents of which are herein incorporated by reference. This 
exemplary lens is depicted in the schematic illustration of FIG. 15. This exemplary 
35 system is designed to operate at a central wavelength of 193.3 nanometers, 
provides 4X reduction at a numerical aperture of 0.75, and has an image field 
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diameter of 27.5 mm. The exemplary design employs 20 elements E with six 
aspheric surfaces constructed from calcium fluoride and fused silica; however, each 
component is assumed to have an intrinsic birefringence of -12 x 10" 7 in the 
following baseline computations. The exemplary system includes optical axis 65. 
5 The RMS and maximum retardance and diattenuation over the exit pupil are 

listed in Table 1 below for the nominal design without intrinsic birefringence effects 
included for relative field heights of 0, 0.7, and 1.0. The relative field height is 
defined to be the actual field height normalized by the semi-field height Thus, an 
image located on the optical axis has zero field height and an image located at 

10 1 3.75 mm in this lens corresponds to unit relative field height. The retardance and 
diattenuation result from the single-layer anti-reflection coatings used in the model. 
FIGS 16A and 16B depict the retardance across the system exit pupil due to the 
anti-reflection coatings for the field points at the center and edge of the field, 
respectively. The retardance is radially-oriented and is largest in magnitude at the 

1 5 edge of the pupil. The retardance due only to the anti-reflective coating is relatively 
small. 





Retardance 


Diattenuation 


Relative Field 


(waves at X, 0 = 


193.3 nm) 






Height 


RMS 


Maximum 


RMS 


Maximum 


0.0 


0.0033 


0.0125 


0.0053 


0.0217 


0.7 


0.0034 


0.0132 


0.0053 


0.0230 


1.0 


0.0035 


0.0149 


0.0057 


0.0247 



TABLE 1 



20 FIGS. 17A and 17B show the diattenuation variation across the pupil for the 

center and edge of the field, respectively, for the optical system illustrated in FIG. 
15. Diattenuation may be described as a measure of the maximum difference in 
transmission between orthogonal polarization states. 

The RMS and peak-to-valley wavefront error are listed in Table 2 below for 

25 the nominal design, without the effects of intrinsic birefringence. The wavefront 
errors are given for relative field heights of 0, 0.7, and 1 .0 in the Y direction, and are 
listed for two orthogonal polarization components. The X component represents 
the wavefront error for an input polarization in the X direction assuming a linear 
polarizer along the X direction at the system exit pupil. The Y component 

30 represents the wavefront error for an input polarization in the Y direction assuming 
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a linear polarizer along the Y direction at the exit pupil. As shown, the nominal 
design includes a peak RMS wavefront error of about 0.003 waves. 





RMS Wavefront Error 


Peak-to-Valley Wavefront Error 


Relative Field 


(waves at 


= 193.3 nm) 


(waves at X 0 = 193.3 nm) 


Height 


X Component 


Y Component 


X Component Y Component 


0.0 


0.002 


0.002 


0.012 0.012 


0.7 


0.003 


0.002 


0.020 0.020 


1.0 


0.003 


0.002 


0.018 0.012 


TABLE 2 



5 

In FIGS. 18A, 18B, 18C, and 18D, wavefront errors at a wavelength of 193.3 
nm are plotted at the system exit pupil as contour maps. FIGS. 18A and 18B show 
contour plots of the residual wavefront error for the lens depicted in FIG. 15 
corresponding to an input polarization in the X direction (perpendicular to the field 

10 height) used with an exit pupil analyzer in the X direction for the central and 
extreme field points, respectively. For the wavefront error at the central field point 
shown in FIG. 18A, the maximum peak-to-valley optical path difference is 0.012 
waves, and for the wavefront error at the extreme field shown in FIG. 18B, the 
maximum peak-to-valley optical path difference is approximately 0.018 waves. 

15 FIGS. 1 8C and 1 8D show contour plots of the residual wavefront error for the lens 
depicted in FIG. 15 corresponding to an input polarization in the Y direction (parallel 
to the field height) used with an exit pupil analyzer in the Y direction for the central 
and extreme field points, respectively. For the wavefront error at each of the central 
and extreme field points shown in FIGS. 18C and 18D, respectively, , the maximum 

20 peak-to-valley optical path difference is approximately 0.012 waves. 

The centroid distortion for the nominal design, calculated based on the point 
spread function, and the telecentricity error in the Y direction are listed in Table 3 
below at relative field heights of 0, 0.7, and 1 .0. 



Relative Field X PSF Centroid Y PSF Centroid Y Telecentricity 

Height Distortion (nm) Distortion (nm) Error (mrad) 

0.0 0.00 0.00 0.00 

0.7 0.00 4.05 0.28 

1.0 0.00 3.45 1.28 



25 



TABLE 3 
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When the effects of intrinsic birefringence associated with the cubic crystalline lens 
material are taken into account, system performance degrades significantly. FIGS. 
19A and 19B are graphical illustrations showing the net retardance across the 
system exit pupil for field points at the center and edge of the field, respectively, 
5 according to the arbitrarily designated exemplary embodiment in which all lens 
elements E, shown in FIG. 15, are identically aligned in three dimensions, with the 
elements having their [1 10] crystal axis along optical axis 65. FIGS. 1 9A and 1 9B 
include the effects of intrinsic birefringence. The object field height in FIG. 19A is 
0 mm and the object field height in FIG. 19B is 55 mm, corresponding to the center 

10 and edge field points, respectively. In the retardance pupil maps given in FIGS. 
19A and 19B, and in others to follow in which the net retardance exceeds a 
magnitude of 0.5 waves, the retardance is plotted "modulo 0.5 waves." It can 
therefore be seen that the retardance orientation rotates by 90 degrees at one-half- 
wave intervals, i.e., the effect of a 0.75 wave retarder at 0 degrees is the same as 

15 a 0.25 wave retarder at 90 degrees. Thus, the peak retardance due to intrinsic 
birefringence in this exemplary arrangement is approximately 1.5 waves at a 
wavelength of 193.3 nanometers, with small variation with object field height. 

FIGS. 20A and 20B are graphical illustrations of the retardance of another 
exemplary embodiment of crystal lattice orientation of the lens system shown in 

20 FIG. 15. In FIGS. 20A and 20B, the net retardance across the system exit pupil, 
including the effects of intrinsic birefringence, is depicted for field points at the 
center and edge of the field with all elements arbitrarily aligned identically in three 
dimensions, with their [100] crystal axes along the optical axis. Again, the 
retardance orientation rotates by 90 degrees at one-half-wave intervals; thus, the 

25 peak retardance due to intrinsic birefringence in this example is approximately 0.9 
waves at a wavelength of 193.3 nanometers. 

FIGS. 21 A and 21 B are graphical illustrations of the retardance of another 
exemplary embodiment of crystal lattice orientation of the lens system shown in 
FIG. 15. In FIGS. 21 A and 21 B, the net retardance across the system exit pupil is 

30 depicted for field points at the center and edge of the field with all elements 
arbitrarily aligned identically in three dimensions, for [111] optical elements. In this 
exemplary arrangement, the peak retardance due to intrinsic birefringence is 
approximately 0.5 waves at a wavelength of 193.3 nanometers, and the variation 
with field height is small. 

35 Each of three preceding examples, as illustrated in FIGS. 19A-21C, shows 

that the intrinsic birefringence produces very large retardance aberrations and 
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consequently large wavefront aberrations, when each of the elements are oriented 
identically with respect to the optical axis. Without compensation, this aberration 
strongly exceeds the allowable wavefront error for photolithography. 

In the present embodiment of the present invention, the variables used for 
5 compensation of the retardance produced by the intrinsic birefringence described 
above are the orientations of the crystal axis for each element with respect to the 
optical axis and the relative rotations of those elements about the optical axis. The 
rotation of a lens element with rotationally symmetric surfaces about its optical axis 
is sometimes referred to as element 'clocking/ 

10 One aspect of the present invention is the use. of at least two [110] optical 

elements and at least one [100] optical element aligned along an optical axis. This 
allows the retardance contributions of the individual elements to be balanced to 
provide wavefront correction and reduce the net retardance produced by the 
intrinsic birefringence to a level that is acceptable for high numerical aperture 

15 lithography systems. This was described in the first embodiment and is also 
applicable to embodiment 3, as will be shown. 

FIG. 22 shows the third embodiment of the present invention as applied to 
the optical system previously shown in FIG. 15. FIG. 22 is a schematic, side view 
of the lens. In this embodiment, elements E1, E5, E6, E13, E14, E15, and E18, 

20 numbered with respect to the object plane 70, are aligned with their [100] crystal 
axes along optical axis 75 , and all other elements E are aligned with their [110] 
crystal axes along optical axis 75. In FIG. 22, each of the [100] optical elements 
(E1, E5, E6, E13, E14, E15 and E18) is hatched. 

The directions of the crystal lattices and clockings of each of the 

25 components are given in Table 4 below for the third exemplary embodiment. For 
[110] optical elements oriented with their [110] optical axis along optical axis 75, the 
clocking of each element is given relative to an orientation that produces peak 
birefringence along the optical axis that is oriented with the retardance axis 
substantially parallel to the X axis (horizontal, in the direction perpendicular to the 

30 specified field of view). For [100] optical elements oriented with their [1 00] crystal 
axis along optical axis 75, the clocking of each element is given relative to an 
orientation that produces peak birefringence lobes in the X-Z and Y-Z planes (at 
radial angles of 0, 90, 180, and 270 degrees). It should be understood that such 
is exemplary only and the relative clocking of the elements may be described with 

35 respect to any of various arbitrary reference locations. 
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Element 


Crystal Axis along Optical 
Axis 


Element Clocking 
(degrees) 


E1 


ta orvi 

[100] 


14.20 


E2 


TA A rtl 

[110] 


-45.84 


E3 


[110] 


35.47 


E4 


[110] 


-52.88 


E5 


[100] 


28.30 


E6 


[100] 


28.69 


E7 


[110] 


72.03 


E8 


[110] 


-28.62 


E9 


[110] 


63.44 


E10 


[110] 


5.06 


E11 


[110] 


79.87 


E12 


[110] 


5.73 


E13 


[100] 


30.26 


E13, Surface S2 




-52.00 


E14 


[100] 


10.01 


E15 


[100] 


15.09 


E16 


[110] 


-26.15 


E17 


[110] 


-105.71 


E18 


[100] 


1.69 


E19 


[110] 


145.51 


E20 


[110] 


35.55 


Image 




0.0000133 



TABLE 4 



5 The net intrinsic birefringence of the system is significantly reduced as a 

result of the element orientation as shown in Table 4. 

Another effect produced by intrinsic birefringence in the cubic crystal lattice 
is variation of the average index of refraction as a function of ray angle through the 
cubic crystalline material. After compensation of the retardance errors resulting 
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from intrinsic birefringence as above, the residual wavefront aberrations and 
distortion resulting from the variations in average index of refraction may desirably 
also be compensated. This variation in average index of refraction typically 
produces astigmatism in the wavefront and may result in distortion of the image that 
5 may be balanced in the optical design. This distortion may include image shift, 
image rotation, magnification error, or higher order distortion. 

In this third exemplary embodiment, further modifications made to the optical 
design compensate for the effects of variations in average index of refraction. 
Surface S2 of element E13, the surface immediately preceding aperture stop 72, 

10 is non-rotationally symmetric or includes an asymmetric variation in curvature. In 
the exemplary embodiment, surface S2 of element E13 is a toroidal surface in 
which the radius of curvature in orthogonal directions varies along with the clocking 
of the surface. Table 5 shows that the radius of curvature for S2 in the local X 
direction differs from that in the local Y direction. The radii of curvature of the last 

15 seven surfaces are adjusted to balance residual distortion, and the image plane 
rotated to remove residual image rotation. The revised radii of curvature are listed 
in Table 5 below, and the image plane rotation is given in Table 4 above. Although 
the non-rotationally symmetric element is a [100] optical element in the exemplary 
embodiment, the toroidal or other non-rotationally symmetric surface may be used 

20 on other cubic crystalline or non-cubic crystalline optical elements in other 
exemplary embodiments. In various exemplary embodiments, an optical element 
may include a pair of surfaces that each have an asymmetric variation in curvature. 



Surface 


Radius of Curvature (mm) 


E13, Surface S2, local X direction 


-913.123746 


E13, Surface S2, local Y direction 


-913.128860 


E17, Surface S1 


179.985780 


E17, Surface S2 


309.315227 


E18, Surface S1 


150.015302 


E18, Surface S2 


225.037081 


E19, Surface S1 


114.371026 


E19, Surface S2 


390.970966 


E20, Surface S1 


-7083.652132 


E20, Surface S2 


Infinite 


TABLE 5 
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An aspect of the present invention is that the retardance compensation that 
may be achieved in a high-performance optical system is relatively insensitive to 
changes in ray angles through the components within the field of view. Referring 
to FIG. 4, the outer peak birefringence lobes are each at a 60° angle with respect 
5 to the [110] crystal axis. This angle is particularly large compared with the 
corresponding angles of 45° and 35.26° for the [100] and [111] crystal axes, 
respectively, also shown in FIG. 4. Thus, selecting the [110] crystal axis for a 
substantial number of components allows retardance correction over a large field 
of view. 

10 FIGS. 23A and 23B are graphical representations that depict the retardance 

across the system exit pupil for the compensated system detailed above and 
described in Tables 4 and 5. The retardance is caused by the intrinsic 
birefringence and anti-reflection coatings. As previously shown in FIGS. 16A and 
16B, the contribution due the coatings is relatively small; thus, the bulk of the 

15 retardance aberration is due to the intrinsic birefringence. FIG. 23A shows 
retardance at the center field point and FIG. 23B shows retardance at the edge field 
point. 

The RMS and maximum retardance over the exit pupil are listed in Table 6 
below for relative field heights of 0, 0.7, and 1.0. These include the effects of 
20 intrinsic birefringence and the single layer anti-reflection coatings used in the 
model. A relative field height of 0.0 corresponds to the center field point shown 
graphically in FIG. 23A, and a relative field height of 1 .0 corresponds to the edge 
field point shown graphically in FIG. 23B. The RMS retardance ranges from 0.0086 
to 0.0105 waves at X Q = 193.3 nm. 

25 



Relative Field Height 


Retardance (waves at \ = 
RMS 


193.3 nm) 
Maximum 


0.0 


0.0086 


0.0524 


0.7 


0.0093 


0.0529 


1.0 


0.0105 


0.0597 


TABLE 6 



30 The RMS and peak-to-valley wavefront error for the exemplary corrected 

system of the third embodiment are listed in Table 7 below for the compensated 
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design that includes the effects of intrinsic birefringence. These data are shown 
graphically for relative field heights of 0.0 and 1.0 in FIGS. 23A and 23B, 
respectively. The wavefront errors are given for relative field heights of 0, 0.7, and 
1.0 in the Y direction, and are listed for two orthogonal polarization components. 
5 The X component represents the wavefront error for an input polarization in the X 
direction assuming a linear polarizer along the X direction at the system exit pupil. 
The Y component represents the wavefront error for an input polarization in the Y 
direction assuming a linear polarizer along the Y direction at the exit pupil. With the 
effects of intrinsic birefringence included, an RMS wavefront error that varies from 
10 0.008 to 0.010 waves across the field has been achieved due to the correction 
technique. The peak-to-valley wavefront error has been reduced by a factor of 
about 27, compared with alignment of all elements along the [110] lattice direction. 
Thus, this embodiment demonstrates that intrinsic birefringence effects can be 
reduced to a level acceptable for high numerical aperture lithography. 

15 





RMS Wavefront Error 


Peak-to-Valley Wavefront Error 


Relative Field 


(waves at 


= 193.3 nm) 


(waves at X 0 = 193.3 nm) 


Height 


X Component 


Y Component 


X Component Y Component 


0.0 


0.009 


0.010 


0.057 0.041 


0.7 


0.008 


0.009 


0.056 0.046 


1.0 


0.008 


0.010 


0.051 0.055 


TABLE 7 



20 FIGS. 24A, 24B, 24C, and 24D show wavefront errors plotted at the system 

exit pupil as contour maps. FIGS. 24A and 24B show contour plots of the residual 
wavefront error for the exemplary lens depicted in FIG. 22 corresponding to an 
input polarization in the X direction (perpendicular to the field height) used with an 
exit pupil analyzer in the X direction for the central and extreme field points, 

25 respectively. For the wavefront error at the central field point shown in FIG. 24A, 
the maximum peak-to-valley optical path difference is approximately 0.057 waves 
at a wavelength of 193.3 nanometers, and for wavefront error at the at the extreme 
field shown in FIG. 24B, the maximum peak-to-valley optical path difference is 
approximately 0.051 waves. FIGS. 24C and 24D show contour plots of the residual 

30 wavefront error for the lens depicted in FIG. 22 corresponding to an input 



WO 02/099500 



PCT/US02/17071 



polarization in the Y direction (parallel to the field height) used with an exit pupil 
analyzer in the Y direction for the central and extreme field points, respectively. For 
the wavefront error at the central field point shown in FIG. 24C, the maximum peak- 
to-valley optical path difference is approximately 0.041 waves at a wavelength of 
5 193.3 nanometers, and for the wavefront error at the extreme field shown in FIG. 
24D, the maximum peak-to-valley optical path difference is approximately 0.055 
waves. 

The centroid distortion for the compensated design with intrinsic 
birefringence, calculated based on the point spread function, and the telecentricity 

10 error in the Y direction are listed at relative field heights of 0, 0.7, and 1 .0 in Table 
8 below. Telecentricity errors are deviations from normal incidence of the cone of 
rays at the image plane. As shown, the residual distortion in the X and Y directions 
is well within 0.1 nm, which is suitable for 157 nm lithography. The distortion has 
also been significantly reduced relative to distortion for the nominal design 

15 described in Table 3. Changes in telecentricity error from the nominal design are 
negligible. 



Relative Field 
Height 


X PSF Centroid 
Distortion (nm) 


Y PSF Centroid 
Distortion (nm) 


Y Telecentricity 
Error (mrad) 


0.0 


0.00 


0.00 


0.00 


0.7 


-0.06 


-0.05 


0.28 


1.0 


0.08 


-0.05 


1.28 



TABLE 8 



20 

Table 9 provides a summary of the performance of the design in terms of the 
Strehl ratio. The Strehl ratio describes the peak intensity of the point spread 
function relative to that of an aberration-free system. The effects of polarization 

25 and apodization are included in this calculation, as well as wavefront aberrations. 
At high numerical aperture, an aberration free optical system does not have a 
perfect Strehl ratio, a value of unity, due to variations in polarization resulting from 
interference of rays at large angles with respect to one another. In the present 
example, the Strehl ratio values are calculated at field points centered on the point- 

30 spread function, i.e., distortion effects were not considered. 
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Table 9 shows an aberration free system at 0.75 NA having a Strehl ratio of 
0.8434. The performance of the nominal design without intrinsic birefringence 
effects is very similar to that of an ideal aberration free lens; the Strehl ratio differs 
over a range of -0.0004 to +0.0005 It is understood that the Strehl ratio may 
exceed that of a perfect lens due to differences between physical and ideal lens 
models. 

For the compensated system with intrinsic birefringence, the Strehl ratio is 
similar to that of the nominal design without considering the effects of intrinsic 
birefringence, and also similar to the ideal 0.75 NA aberration free system. 



Strehl Ratio 



Design Layout 


On-Axis Field 


70% Field 


Extreme Field 


Aberration-free lens (0.75 NA) 


0.8434 


0.8434 


0.8434 


Nominal, no birefringence 
considered 


0.8436 


0.8439 


0.8430 


Elements aligned to compensate 


0.8389 


0.8377 


0.8361 


TABLE 9 



15 

In summary, this third exemplary embodiment describes a lens with seven 
[100] optical elements and thirteen [110] optical elements. The relative clockings 
of the elements are given in Table 4. When used in a space in which the ray 
angles through the crystal are small with respect the optical axis, the retardance 

20 introduced by the component is small when the optical axis is along the [100] 
crystal axis of the material. Thus, such elements are generally insensitive to 
clocking, and it is possible to use the clocking of these components to compensate 
for manufacturing errors during fabrication, such as non-rotationally symmetrical 
defects. For example, the first six [100] optical elements may be varied in clocking 

25 without significant loss of performance, according to other exemplary embodiments. 
In another exemplary embodiment, the plurality of [100] optical elements may 
therefore be used to compensate for residual aberrations due to non-rotationally 
symmetric figure errors on the lens elements more easily than in a lens with more 
[110] and fewer [100] cubic crystalline elements. 

30 



5 



10 
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EMBODIMENT 4 

The fourth exemplary embodiment for application of the compensation 
techniques for intrinsic birefringence may be described in conjunction with another 
exemplary all-refractive projection lens. Such an exemplary lens may be used for 
5 photolithography and, in particular, may be used in the semiconductor 
manufacturing industry. Such an exemplary lens is provided in the seventh 
embodiment disclosed in European Patent No. 1 139 138 A1 to Y. Omura. This 
exemplary lens is depicted in FIG. 1. It is designed to operate at a central 
wavelength of 193.3 nanometers, provides 4X reduction at a numerical aperture of 

10 0.75, and has an image field diameter of 27.5 mm. The design employs twenty- 
eight optical elements with three aspheric surfaces constructed from calcium 
fluoride and fused silica; however, each component is assumed to have an intrinsic 
birefringence of -12 x 10' 7 in the following calculations used to illustrate the 
principles of the present invention. According to other exemplary embodiments, 

15 some of the lens elements may be formed of non-cubic crystalline material or 
additional lens elements formed of non-cubic crystalline material may be used. 
Various suitable non-cubic crystalline materials such as dry fused silica may be 
used. 

RMS and maximum retardance and diattenuation over the exit pupil are 
20 listed in Table 10 for the nominal design without intrinsic birefringence effects 
included for relative field heights of 0, 0.7, and 1.0. The retardance and 
diattenuation result from the single-layer anti-reflection coatings used in the model. 

25 





Retardance 


Diattenuation 


Relative Field 


(waves at X 0 = 


193.3 nm) 






Height 


RMS 


Maximum 


RMS 


Maximum 


0.0 


0.0048 


0.0177 


0.0068 


0.0273 


0.7 


0.0052 


0.0202 


0.0074 


0.0296 


1.0 


0.0055 


0.0239 


0.0080 


0.0358 



TABLE 10 



FIGS. 25A and 25B are graphical representations showing the retardance 
30 across the system exit pupil due to the anti-reflection coatings for the field points 
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at the center and edge of the field, respectively. The retardance is radially-oriented 
and is largest in magnitude at the edge of the pupil. FIGS. 26A and 26B are 
graphical representations showing diattenuation variation across the pupil for the 
center and edge of the field, respectively. 
5 Table 1 1 shows RMS and peak-to-valley wavefront error for the nominal 

design, without the effects of intrinsic birefringence. Wavefront errors are given for 
relative field heights of 0, 0.7, and 1.0 in the Y direction, and are listed for two 
orthogonal polarization components. The X component represents the wavefront 
error for an input polarization in the X direction assuming a linear polarizer along 
10 the X direction at the system exit pupil. The Y component represents the wavefront 
error for an input polarization in the Y direction assuming a linear polarizer along 
the Y direction at the exit pupil. Without cubic crystalline optical elements, or the 
effect of intrinsic birefringence considered, the nominal design includes a peak 
RMS wavefront error of 0.004 waves. 

15 





RMS Wavefront Error 


Peak-to-Valley Wavefront Error 


Relative Field 


(waves at X 0 


= 193.3 nm) 


(waves at = 193.3 nm) 


Height 


X Component 


Y Component 


X Component Y Component 


0.0 


0.003 


0.003 


0.017 0.017 


0.7 


0.003 


0.004 


0.022 0.033 


1.0 


0.003 


0.004 


0.022 0.029 ' 


TABLE 11 



20 FIGS. 27A, 27B, 27C, and 27D show wavefront errors plotted at the system 

exit pupil as contour maps for the nominal design without intrinsic birefringence 
effects included. FIGS. 27A and 27B show contour plots of the residual wavefront 
error for the exemplary lens depicted in FIG. 1 corresponding to an input 
polarization in the X direction, perpendicular to the field height, used with an exit 

25 pupil analyzer in the X direction for the center and extreme field points, respectively. 
For the wavefront error at the central field point, the maximum peak-to-valley 
optical path difference is 0.017 waves at a wavelength of 193.3 nanometers, and 
for the wavefront error at the extreme field, the maximum peak-to-valley optical path 
difference is 0.022 waves. FIGS. 27C and 27D show contour plots of the residual 

30 wavefront error for the lens depicted in FIG. 1 corresponding to an input 
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polarization in the Y direction, parallel to the field height, used with an exit pupil 
analyzer in the Y direction for the central and extreme field points, respectively. For 
the wavefront error at the central field point, the maximum peak-to-valley optical 
path difference is 0.017 waves at a wavelength of 193.3 nanometers, and for the 
5 wavefront error at the extreme field, the maximum peak-to-valley optical path 
difference is 0.029 waves. 

Table 12 shows the centroid distortion for the nominal design, calculated 
based on the point spread function, and the telecentricity error in the Y direction at 
relative field heights of 0, 0.7, and 1 .0. 

10 



Relative Field 
Height 


X PSF Centroid 
Distortion (nm) 


Y PSF Centroid 
Distortion (nm) 


Y Telecentricity 
Error (mrad) 


0.0 


0.00 


0.00 


0.00 


0.7 


0.00 


7.70 


0.11 


1.0 


0.00 


10.70 


0.51 



TABLE 12 



In an actual lens design using the lens prescription shown schematically in 
15 FIG. 1 and including cubic crystalline optical elements, intrinsic birefringence is 
included. With the effects of intrinsic birefringence included, performance degrades 
significantly. FIGS. 28A and 28B show the net retardance across the system exit 
pupil for field points at the center and edge of the field (at object field heights of 0 
and 55 mm) according to an exemplary embodiment in which all elements are 
20 identically aligned in three dimensions, with element [110] crystal axes along optical 
axis 10. In these plots, the retardance orientation rotates by 90 degrees at one- 
half-wave intervals, i.e., the effect of a 0.75 wave retarder at 0 degrees is the same 
as a 0.25 wave retarder at 90 degrees. Thus, the peak retardance due to intrinsic 
birefringence in this example is approximately 2.1 waves at a wavelength of 193.3 
25 nanometers. 

FIGS. 29A and 29B show the net retardance across the system exit pupil for 
field points at the center and edge of the field, respectively, according to another 
exemplary arrangement in which all elements are identically aligned in three 
dimensions, with element [100] crystal axes along optical axis 10. Again, the 
30 retardance orientation rotates by 90 degrees at one-half-wave intervals; thus, the 
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peak retardance due to intrinsic birefringence in this example is approximately 1 .5 
waves at a wavelength of 193.3 nanometers. 

FIGS. 30A and 30B show the net retardance across the system exit pupil for 
field points at the center and edge of the field, respectively, according to another 
5 exemplary arrangement in which all elements are aligned identically in three 
dimensions, with element [111] crystal axes along optical axis 10. In this exemplary 
arrangement, the peak retardance due to intrinsic birefringence is approximately 0.8 
waves at a wavelength of 193.3 nanometers. 

With all elements aligned with their [110], [100], or [1 1 1] crystal axes along 

10 optical axis 10, and oriented identically in three dimensions, the retardance 
produced by intrinsic birefringence produces very large wavefront aberration. 
Without compensation, this aberration strongly exceeds the desirable wavefront 
error required for photolithography processes, particularly for photolithography 
processes used to produce the small feature sizes in today's semiconductor 

15 manufacturing industry. 

The fourth exemplary embodiment achieves compensation of the retardance 
produced by intrinsic birefringence by prescribing the orientations of the cubic 
crystal lattice for each element with respect to its optical axis, and the relative 
rotations of those elements about the optical axis to correct for intrinsic 

20 birefringence of the system. Furthermore in the fourth embodiment, as illustrated 
in FIG. 31, two of the elements of the exemplary lens system of FIG. 1 have each 
been split into two segments that have the same total thickness and power, with the 
thicknesses for the two segments and the curvature of the buried surface between 
them optimized to minimize the net system retardance. These additional degrees 

25 of freedom are shown to improve the achievable retardance compensation without 
requiring redesign of the lens. 

According to the fourth embodiment, a combination of [110] optical elements 
and [100] optical elements is used to allow the retardance contributions of the 
individual elements to substantially cancel each other and provide an overall 

30 wavefront correction that is acceptable for high numerical aperture lithography 
systems. 

FIG. 31 is a schematic side view of the improved lens. Lens 100 includes 
object plane 80, which may be a reticle or photomask, image plane 82, which may 
be a substrate upon which the image is formed, optical axis 85, and aperture stop, 
35 AS, 89. The [100] optical elements, L28A and L28B, are hatched. In this 
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embodiment, all other elements L1-L27B are [110] optical elements aligned with 
their [110] crystal axes along optical axis 85. 

The fourth embodiment provides a lens 100 shown in FIG. 31 that includes 
lens elements L1-L28B having crystal axes and clockings given in Table 13. For 

5 [110] optical elements, the clocking of each element is given relative to an 
orientation that produces peak birefringence along the optical axis that is oriented 
with the retardance axis substantially parallel to the X axis (horizontal, in the 
direction perpendicular to the specified field of view). For [100] optical elements, 
the clocking of each element is given relative to an orientation that produces peak 

10 birefringence lobes in the X-Z and Y-Z planes - at radial angles of 0, 90, 1 80, and 
270 degrees. 



Element 



Crystal Axis along Optical 
Axis 



Element Clocking 
(degrees) 



L1 
12 
L3 
L4 
L5 
L6 
L7 
L8 
L9 
L10 
L11 
L12 
L13 
L14 
L15 
L16 
L17 
L18 
L19 
L20 



110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 
110] 



51.93 
-82.04 
-33.00 
71.75 
-35.37 
27.46 
21.75 
-70.79 
-43.04 
-39.84 
35.04 
-63.29 
58.42 



-3.10 
67.64 
58.53 
49.69 
68.53 
29.79 
-75.69 
-75.69 
-25.98 



L20, Surface 2 
1.21 



Zemike Surface 
[110] 
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L22 


n 101 


54 09 


L23 


[1101 


42.29 


L24 


[1101 


54.60 


L25 


[1101 


-21.99 


L26 


[1101 


15.35 


L27A 


[110] 


-57.40 


L27B 


[110] 


68.88 


L28A 


[100] 


40.25 


L28B 


[100] 


82.87 


Image 




-0.00000199 


TABLE 13 



The fourth exemplary embodiment illustrates another aspect of the present 
invention, namely, reducing intrinsic birefringence and retardance of a known lens 
5 system. This aspect of the present invention includes providing a given lens 
prescription having good optical qualities and including multiple individual lens 
elements. For this given lens prescription, at least one of the individual lens 
elements is replaced by, or split into, two or more sub-elements. The sub-elements 
each include the same overall radius of curvature and include the same thickness 

10 so that the overall optical qualities of the lens prescription are not adversely 
affected. For each individual element being replaced, the sub-elements are 
oriented to reduce net system retardance relative to the retardance correction 
achievable using the individual lens element which they combine to replace. 

In one exemplary embodiment, each of the sub-elements may be aligned 

15 with the same crystal axis along the optical axis, and the sub-elements may be 
clocked relative to each other. For example, each of the sub-elements may be a 
[110] or [100] optical element. In another exemplary embodiment, the elements 
may include different crystal axes aligned along the optical axis, for example, a 
[100] optical element and a [110] optical element. This concept is illustrated by 

20 comparing lens 2 in FIG. 1 to lens 100 shown in FIG. 31. Lens 2 shown in FIG. 1 
includes multiple lens elements, including lens elements L101 and L102. Lens 100 
in FIG. 31 is substantially similar to lens 2 of FIG. 1 , with the exception being that 
lens element L101 of FIG. 1 is replaced by two sub-elements - lens sub-elements 
L27A and L27B of FIG. 31, and lens element L102 of lens 2 in FIG. 1 is replaced 

25 by two lens sub-elements, namely, lens sub-elements L28A and L28B shown in 
FIG. 31. 
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Another effect produced by intrinsic birefringence in the cubic crystal lattice 
is variation of the average index of refraction as a function of ray angle through the 
crystal. In addition to compensating for retardance errors resulting from intrinsic 
birefringence, the present invention provides for correcting for residual wavefront 
5 aberrations and distortion resulting from the variations in average index of 
refraction. If uncorrected, this variation in average index of refraction may produce 
astigmatism in the wavefront and may result in distortion of the image. This 
distortion may include image shift, image rotation, magnification error, or higher 
order distortion. 

10 As such, in the fourth embodiment, the optical design includes modifications, 

relative to lens 2 of FIG. 1 , to compensate for the effects of variations in average 
index of refraction. Surface S2 of lens element L20, the right hand surface of the 
lens element immediately following aperture stop 89, includes a shape defined by 
Zernike polynomials as described below. The Zernike coefficients are adjusted to 

15 compensate for residual astigmatism. The Zernike coefficients may be used to 
adjust the surface shape of other elements and one or multiple surfaces with an 
asymmetric variation in curvature, may be utilized in other exemplary embodiments. 
Also, the radii of curvature of ten surfaces are adjusted to balance residual 
distortion, and image plane rotation is provided to remove residual image rotation. 

20 The resulting radii of curvature and Zernike surface coefficients, C ji are listed in 
Table 14, and the image plane rotation is given in Table 13. 

The Zernike polynomials, Z, are defined with respect to a circle with the 
normalization radius listed. Surface sag, Z(x,y\ the integral of which describes the 
surface, is described by the following equation: 



25 



30 



l + Vl-c 2 (x 2 + y 2 ) k 1 ' 



where c is the curvature = 1 /(radius of curvature) and x and y are the Cartesian 
coordinates on the surface. 

Surface Radius of Curvature (mm) 

L24, Surface S1 . 277.35519 
L24, Surface S2 1289.10376 
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L25, Surface S1 


179.54899 


L25, Surface S2 


446.44705 


L26, Surface S1 


182.12274 


L26, Surface S2 


558.39223 


L27A, Surface S1 


-10831.04108 


L27A, Surface S2 


154.82711 


L27B, Surface S1 


154.82711 


L27B, Surface S2 


322.35847 


L28A, Surface S1 


399.66226 


L28A, Surface S2 


-2608.81885 


L28B, Surface S1 


-2608.81885 


L28B, Surface S2 


-1902.32780 



Parameter 


Zernike Polynomial, Zj 


Zemike Coefficient, Cy 


c, 


x 2 -y 2 


-1.7603 X10" 6 


Q 


2xy 


-2.5077 x 10" 5 


c 3 


[4(x 2 +y 2 )-3](x 2 -y 2 ) 


1.0700 x 10 5 


Q 


2[4(x 2 +y 2 )-3]xy 


1.1000 x 10" 6 



Normalization Radius — 136.1 mm 



TABLE 14 

5 In summary, in the fourth embodiment, two elements - lens elements L101 

and L102 of the exemplary lens prescription shown in FIG. 1, were each split into 
lens sub-elements L27A and L27B, and L28A and L28B, respectively, to provide 
improved retardance aberration correction. In each case, the radius of curvature 
of the buried surface produced between the two sub-elements and the thicknesses 

1 0 of the two sub-elements were varied, keeping the total element thickness fixed with 
respect to the original lens element. Stated alternatively, the combined thickness 
of lens sub-elements L28A and L28B of FIG. 31 is substantially the same as the 
thickness of lens element L102 of FIG. 1. Element L101 of FIG. 1 is split into two 
[110] optical sub-components L27A and L27B of FIG. 31 to provide fine adjustment 

15 of the compensation. The thickness and radius of curvature of buried surface 83 
provide control over the retardance aberrations at the center and edge of the pupil. 



WO 02/099500 



PCTYUS02/17071 



Element L102 of FIG. 1 is split into two [100] optical sub-components L28A and 
L28B of FIG. 31 to provide fine adjustment of the azimuthal compensation. Each 
[100] sub-component has the same birefringence as a function of ray angle with 
respect to the optical axis; only the azimuthal dependence varies with element 
5 clocking. 

Table 15 lists the radii of curvature and thicknesses of the optical sub- 
elements produced by splitting components L101 and L102. 



Element 


Crystal Axis 
Direction 
for Zero 
Clocking 


Element 
Clocking 
(degrees) 


Front Radius 
of Curvature 
(mm) 


Back Radius 
of Curvature 
(mm) 


Thickness 
(mm) 


L27A 


[110] 


-57.40 


-10831.04108 


154.82711 


17.96182 


L27B 


[110] 


68.88 


154.82711 


322.35847 


32.03818 


L28A 


[100] 


40.25 


399.66226 


-2608.81885 


17.66426 


L28B 


[100] 


82.87 


-2608.81885 


-1902.32780 


32.33575 



10 TABLE 15 



FIGS. 32A and 32B are graphical representations showing the retardance 
across the system exit pupil for the compensated system produced by the intrinsic 

15 birefringence and anti-reflection coatings for field points at the center and edge of 
the field, respectively. As shown in FIGS. 25A and 25B, the contribution due the 
coatings is the same order of magnitude as the maximum residual retardance 
aberrations; thus, the choice of coating can significant effect the system 
performance. A different coating design might require re-optimization of the lens 

20 to obtain best performance. In the uncompensated system, the contribution due the 
coatings is relatively small and the bulk of the retardance aberration is attributable 
to intrinsic birefringence. 

RMS and maximum retardance over the exit pupil are listed in Table 16 for 
relative field heights of 0, 0.7, and 1 .0. These include the effects of intrinsic 

25 birefringence and the single layer anti-reflection coatings. The RMS retardance 
ranges from 0.0029 to 0.0054 waves at X 0 = 193.3 nm. The compensated system 
includes a retardance reduced in comparison to the 0.0048 to 0.0055 wave range 
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in RMS retardance due to the anti-reflection coatings without intrinsic birefringence 
effects. 



Relative Field Height 


Retardance (waves at X 0 = 
RMS 


193.3 nm) 
Maximum 


0.0 


0.0029 


0.0144 


0.7 


0.0037 


0.0266 


1.0 


0.0054 


0.0326 


TABLE 16 



The RMS and peak-to-valley wavefront error are listed in Table 17 for the 
compensated design that includes the effects of intrinsic birefringence. The 

10 wavefront errors are given for relative field heights of 0, 0.7, and 1.0 in the Y 
direction, and are listed for two orthogonal polarization components. The X 
component represents the wavefront error for an input polarization in the X direction 
assuming a linear polarizer along the X direction at the system exit pupil. The Y 
component represents the wavefront error for an input polarization in the Y direction 

15 assuming a linear polarizer along the Y direction at the exit pupil. An RMS 
wavefront error that varies from 0.003 to 0.007 waves across the field is achieved. 
The peak-to-valley wavefront error is reduced by a factor ranging from 
approximately 47 to 124, compared with exemplary lenses in which all elements are 
[110], [100], or [1 1 1] optical elements oriented substantially identically. Thus, this 

20 embodiment demonstrates that intrinsic birefringence effects can be reduced to a 
level acceptable for high numerical aperture lithography. 





RMS Wavefront Error 


Peak-to-Valley Wavefront Error 


Relative Field 


(waves at X„ 


= 193.3 nm) 


(waves at X 0 = 193.3 nm) 


Height 


X Component 


Y Component 


X Component Y Component 


0.0 


0.006 


0.003 


0.025 0.017 


0.7 


0.007 


0.006 


0.038 0.031 


1.0 


0.006 


0.007 


0.045 0.040 






TABLE 17 
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In FIGS. 33A, 33B, 33C, and 33D, wavefront errors are plotted at the system 
exit pupil as contour maps. FIGS. 33A and 33B show contour plots of the residual 
wavefront error for the lens depicted in FIG. 31 corresponding to an input 
polarization in the X direction, perpendicular to the field height, used with an exit 
5 pupil analyzer in the X direction for the central and extreme field points, 
respectively. For the central field point, the maximum peak-to-valley optical path 
difference is 0.025 waves at a wavelength of 193.3 nanometers, and at the extreme 
field, the maximum peak-to-valley optical path difference is 0.045 waves. FIGS. 
33C and 33D show contour plots of the residual wavefront error for the lens 

10 depicted in FIG. 31 corresponding to an input polarization in the Y direction, parallel 
to the field height, used with an exit pupil analyzer in the Y direction for the central 
and extreme field points, respectively. For the central field point, the maximum 
peak-to-valley optical path difference is 0.017 waves at a wavelength of 193.3 
nanometers, and at the extreme field, the maximum peak-to-valley optical path 

15 difference is 0.040 waves. 

The centroid distortion for the compensated design with intrinsic 
birefringence, calculated based on the point spread function, and the telecentricity 
error in the Y direction are listed at relative field heights of 0, 0.7, and 1 .0 in Table 
18 below. As shown, the residual distortion in the X and Y directions is within 0.07 

20 nm, suitable for 157 nm lithography. The distortion is also significantly reduced 
relative to the distortion of the nominal, uncorrected design given in Table 12. 
Changes in telecentricity error from the nominal design are negligible. 



Relative Field 
Height 


X PSF Centroid 
Distortion (nm) 


Y PSF Centroid 
Distortion (nm) 


Y Telecentricity 
Error (mrad) 


0.0 


0.00 


0.00 


0.00 


0.7 


0.03 


0.01 


0.11 


1.0 


0.00 


0.00 


0.51 



25 TABLE 18 



Table 19 provides a summary of Strehl ratio of the design of lens 100 of 
FIG. 31. The Strehl ratio values are calculated at field points centered on the point- 
30 spread function, i.e., distortion effects were not considered. As shown in Table 19, 
an aberration free system at 0.75 NA has a Strehl ratio of 0.8434. The 
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performance of the nominal design without intrinsic birefringence effects slightly 
exceeds the performance of an ideal 0.75 NA lens by 0.0004 to 0.0017. 

For the compensated system with intrinsic birefringence, the Strehl ratio is 
similar to that of the nominal design without considering the effects of intrinsic 
5 birefringence, and relative to a 0.75 NA, aberration-free system. 



Design Layout 


On-Axis Field 


70% Field 


Extreme Field 


Aberration-free lens (0.75 NA) 


0.8434 


0.8434 


0.8434 


Nominal design, no birefringence 


0.8439 


0.8447 


0.8451 


Elements aligned to compensate 


0.8435 


0.8430 


0.8428 



TABLE 19 



10 

EMBODIMENT 5 

The fifth exemplary embodiment for application of the compensation 
techniques for intrinsic birefringence may be described in conjunction with a 

15 catadioptric optical system such as a projection lens for photolithography that 
employs a polarization beam splitter. Such an exemplary lens is disclosed as the 
second embodiment of U.S. Patent No. 6,081,382 by Y. Omura, the contents of 
which are herein incorporated by reference. This exemplary lens is depicted in the 
schematic illustration of FIG. 34. The system advantageously operates at a central 

20 wavelength of X 0 = 193.3 nm and at a numerical aperture of 0.80. The image field 
is an 8 x 25 mm rectangular slit field and the lens provides 4X reduction. All lens 
elements are constructed from fused silica in the exemplary embodiment, but other 
materials may be used in other exemplary embodiments. 

For an optical system employing a polarization beam splitter and utilizing 

25 polarized input radiation, it is useful to take into account the polarization state of the 
beam through different paths through the system. In Embodiment 5, the input 
polarization may be linear and oriented along the direction of the X-axis; this 
polarization corresponds to s-polarized light upon reflection at polarization selective 
surface 208 of beam splitter 240. The X-axis designation is arbitrary and is defined 

30 with respect to a Cartesian coordinate system in which the optical axis of the 
incoming light beam is designated the Z-direction and the X-axis is parallel to the 
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horizontal direction. Beam splitter 240 may be coated to maximize the reflectance 
of s-polarized light and the transmittance of p-polarized light. 

The exemplary lens system includes object field 230, image field 231 , optical 
axis 248, and aperture stop 233. Beam 249 enters prism 207 of beam splitter 240 
5 on the first pass and reflects off polarization selective surface 208 and travels 
through prism 207 in a downward direction. Upon exiting prism 207 of beam splitter 
240, beam 249 travels through quarter wave plate 209 and refractive element 210, 
reflects from reflective surface 211 of spherical mirror 212, and returns through 
refractive element 210 and quarter wave plate 209. First quarter wave plate 209 

10 is oriented such that the birefringence axis is at a 45° angle with respect to the 
polarization orientation of beam 249 on both passes. The double pass through the 
wave plate and the reflection from reflective surface 211 rotates the polarization 
state of the beam such that it is transmitted by polarization selective surface 208 
on the second pass through beam splitter 240. Following the second pass through 

15 prism 207, beam 249 passes through prism 213 of beam splitter 240 and second 
quarter wave plate 214 having a birefringence axis oriented at 45° with respect to 
the polarization orientation of the beam which converts the polarization state to 
circularly-polarized. This is as described in U.S. Patent No. 6,081,382. 

The root-mean-square (RMS) and maximum retardance over the exit pupil 

20 are listed in Table 20 for the nominal design without intrinsic birefringence effects, 
for five positions across the 16x100 mm object field 230. These result from the 
single-layer anti-reflection coatings used in the model and the quarter wave plates; 
the effects of polarization selective surface 208 of beam splitter 240 are also 
included in the model assuming perfect reflection for s-polarized light and perfect 

25 transmission for p-polarized light. 



Object Field 
(X, Y) in mm 


Retardance (waves at \, = 
RMS 


193.3 nm) 
Maximum 


(-50, -4) 


0.0054 


0.0274 


(-35, 0) 


0.0045 


0.0243 


(0. 0) 


0.0044 


0.0237 


(35, 0) 


0.0045 


0.0245 


(50, 4) 


0.0042 


0.0233 


TABLE 20 
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FIGS. 35A and 35B depict the retardance across the system exit pupil due 
to the anti-reflection coatings and wave plates for the field points at the center and 
extreme corner of the field (X = 50 mm and Y = 4 mm at object field 230), 
respectively, for the exemplary lens shown in FIG. 34. FIG. 35A shows that, at the 
5 center of the field, the retardance is zero at the center of the pupil and generally 
increases in magnitude towards the edge of the pupil. At the extreme corner of the 
rectangular field, the retardance shows a roughly constant linear component, 
oriented vertically across the exit pupil, as shown in FIG. 35B. 

FIGS 36A, 36B, 36C, and 36D show wavefront errors for the nominal design, 

10 without the effects of intrinsic birefringence, plotted at the system exit pupil as 
contour maps. FIGS. 36A and 36B show contour plots of the residual wavefront 
error for the lens depicted in FIG. 34 corresponding to an input polarization in the 
X direction used with an exit pupil analyzer in the X direction for the center and 
extreme corner of the field (X = 50 mm and Y = 4 mm at the reticle), respectively. 

15 For the wavefront error at the central field point shown in FIG. 36A, the maximum 
peak-to-valley optical path difference is approximately 0.099 waves at a wavelength 
of 193.3 nanometers, and for wavefront error at the at the extreme field shown in 
FIG. 36B, the maximum peak-to-valley optical path difference is approximately 
0.160 waves. FIGS. 36C and 36D show contour plots of the residual wavefront 

20 error for the lens depicted in FIG. 34 corresponding to an input polarization in the 
Y direction used with an exit pupil analyzer in the Y direction for the central and 
extreme field points, respectively. For the wavefront error at the central field point 
shown in FIG. 36C, the maximum peak-to-valley optical path difference is 
approximately 0.093 waves at a wavelength of 193.3 nanometers, and for the 

25 wavefront error at the extreme field shown in FIG. 36D, the maximum peak-to- 
valley optical path difference is approximately 0.152 waves. 

The RMS and peak-to-valley wavefront errors are listed in Table 21 below 
for the nominal design, without the effects of intrinsic birefringence, at five 
exemplary field points. These values represent the wavefront errors at optimum 

30 focus, with tilt terms removed to locate each image point at the center of the 
wavefront in the calculation. Results are given for two orthogonal polarization 
components. The X component represents the wavefront error assuming a linear 
polarizer along the X direction at the system exit pupil, and the Y component 
represents the wavefront error assuming a linear polarizer along the Y direction at 

35 the exit pupil. The RMS wavefront error is shown to vary over the field from 0.01 1 
to 0.016 waves at X = 193 nm. 
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RMS Wavefront Error Peak-to-Valley Wavefront Error 

Object Field (waves at X 0 = 1 93.3 nm) (waves at = 1 93.3 nm) 

(X, Y) in mm X Component Y Component X Component Y Component 



(-50, -4) 


0.015 


0.015 


0.161 


0.149 


(-35, 0) 


0.016 


0.016 


0.157 


0.162 


(0, 0) 


0.011 


. 0.011 


0.099 


0.093 


(35, 0) 


0.016 


0.016 


0.161 


0.153 


(50, 4) 


0.015 


0.015 


0.160 


0.152 



TABLE 21 



Table 22 shows the centroid distortion for the nominal design, calculated 
5 based on the point spread function (PSF), for the same five exemplary field points. 
The maximum image distortion is approximately 27.1 nm. The chief ray 
telecentricity error across the field is within 0.4 mrad. 



Object Field (X, Y) in mm 


X PSF Centroid Distortion 
(nm) 


Y PSF Centroid Distortion 
(nm) 


(-50, -4) 


-24.21 


-3.38 


(-35, 0) 


-27.13 


-1.35 


(0. 0) 


0.00 


-0.03 


(35, 0) 


27.13 


1.36 


(50, 4) 


24.19 


3.45 



10 TABLE 22 



Catadioptric systems with a polarization selective surface generally work well 
with a single input polarization state. The polarization state that is orthogonal to the 

15 design input polarization state is lost at the polarization selective surface. Thus, if 
the input polarization is fixed, retardance aberrations prior to the polarization 
selective surface couple light out of the system, causing apodization of the 
transmitted beam, and contribute a fixed phase to the transmitted wavefront. As 
such, apodization is advantageously minimized to maintain efficiency and high- 

20 performance imaging. This may be achieved when the retardance aberrations prior 

to the polarization selective surface are either along or orthogonal to the input 

polarization state. Thus for this catadioptric embodiment, retardance aberrations 
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are advantageously minimized by property orienting and shaping lens elements 
after the second wave plate, such as second wave plate 214. For the surfaces 
prior to polarization selective surface 208, the component of the retardance 
aberration that is neither along nor orthogonal to the design polarization state is 
5 advantageously minimized. This approach may be more helpful than minimizing 
the retardance in lens elements prior to the polarization selective surface. Relative 
designations "before" and "after" are used in reference to the path of a beam 
traveling from the object plane to the image plane, throughout the specification. 
FIGS. 37A and 37B show the net retardance across the system exit pupil for 

10 field points at the center and extreme corner of the field (X = 50 mm and Y = 4 mm 
at the reticle), respectively, in the exemplary embodiment in which the components 
preceding second wave plate 214 are assumed to have no intrinsic birefringence 
and in which the components following second wave plate 214 are [110] optical 
elements identically aligned in three dimensions, in the exemplary catadioptric 

15 optical system illustrated in FIG. 34, at a wavelength of 193.3 nanometers. In the 
retardance plots of FIGS. 37A, 37B and similar figures, the retardance orientation 
rotates by 90 degrees at one-half-wave intervals, i.e., the effect of a 0.75 wave 
retarder at 0 degrees is the same as a 0.25 wave retarder at 90 degrees. Thus, the 
peak retardance due to intrinsic birefringence for the exemplary embodiment 

20 described in FIGS. 37A and 37B, is approximately 0.75 waves at a wavelength of 
193.3 nanometers, with small variation with object field height. 

In FIGS. 38A and 38B, the net retardance across the system exit pupil is 
depicted for field points at the center and extreme corner of the field, respectively, 
in the exemplary embodiment in which the components preceding second wave 

25 plate 214 are assumed to have no intrinsic birefringence and in which the 
components following the second wave plate 214 are [100] optical elements 
identically aligned in three dimensions in the exemplary catadioptric optical system 
illustrated in FIG. 34, at a wavelength of 193.3 nanometers. The peak retardance 
due to intrinsic birefringence in this example is approximately 0.60 waves at a 

30 wavelength of 193.3 nanometers, with small variation with object field height. 

FIGS. 39A and 39B show the net retardance across the system exit pupil for 
field points at the center and extreme corner of the field, respectively, in the 
exemplary embodiment in which the components preceding second wave plate 214 
are assumed to have no intrinsic birefringence and in which the components 

35 following second wave plate 214 are [111] optical elements identically aligned in 
three dimensions in the exemplary catadioptric optical system illustrated in FIG. 34, 
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at a wavelength of 193.3 nanometers. The peak retardance due to intrinsic 
birefringence in this example is approximately 0.90 waves at a wavelength of 193.3 
nanometers. 

Additional performance degradation may result from retardance aberrations 
5 produced by elements preceding second wave plate 214. In particular, retardance 
aberrations produced by elements preceding polarization selective surface 208 
may, in general, cause light to couple out of the system, resulting in pupil intensity 
non-uniformity, and this may also change the transmitted wavefront. 

With elements following second quarter wave plate 214 identically aligned 

10 in three dimensions such that their [110], [100], or [111] crystal axes lie along 
optical axis 248, the intrinsic birefringence produces very large retardance 
aberrations and in turn wavefront aberrations, as shown in the preceding figures. 
Without compensation, this unacceptably large aberration significantly exceeds the 
allowable wavefront error in high-performance photolithography, in particular, 

15 photolithography used to produce distortion-free patterns needed in today's 
semiconductor manufacturing industry. 

For compensating intrinsic birefringence effects in a catadioptric system 
such as described in the present embodiment, there are additional considerations 
for optimizing the performance compared with compensation in an all-refractive 

20 system, such as those described in Embodiments 3 and 4. 

FIG. 40 is a schematic side view of the lens according to exemplary 
embodiment 5, in which each of [110] optical elements 203-206, 218-220, 222-224 
and 226-227A are hatched. The lens, according to exemplary embodiment 5, is 
substantially similar to the lens shown in FIG. 34, with the notable exception being 

25 that the refractive lens elements are advantageously oriented with respect to their 
crystal lattices and element 227 of the lens in FIG. 34 is split into two lens elements 
227A and 227B in the lens of the fifth embodiment shown in FIG. 40. This 
exemplary catadioptric system has an NA of approximately 0.80 and may 
advantageously be used to manufacture integrated circuits. More specifically, the 

30 system may be used in a lithography tool such as a stepper, projection printer, or 
the like, used in the semiconductor manufacturing industry to produce a sequence 
of patterns on substrates to produce an integrated circuit or other semiconductor 
device. 

Because polarization selective surface 208 is employed in the exemplary 
35 catadioptric system of the fifth exemplary embodiment, it is useful to balance or 
minimize the retardance produced by several different groups of elements. The 
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front group 242 of elements includes the lens elements 201-206 preceding beam 
splitter 240 and the first pass through prism 207 of beam splitter 240 up to 
polarization selective surface 208. Second group 244 comprises the second pass 
through prism 207 of beam splitter 240 following reflection by polarization selective 

5 surface 208, first quarter wave plate 209, refractive lens element 21 0, and reflective 
surface 211 of spherical mirror 212, and the return path to polarization selective 
surface 208 through prism 207. Third group 240 comprises prism 213 of beam 
splitter 240 following transmission through polarization sensitive surface 208, 
second quarter wave plate 214, and elements 215 and 218-227B between the 

10 beam splitter and wafer, also referred to as the image side of beam splitter 240. 
Elements 201-206 are disposed on the object side of beam splitter 240. 

According to an exemplary embodiment, input beam 249 is linearly polarized 
in the horizontal direction, parallel to the X-axis and in the long direction of the 
rectangular object field. For a given ray, depending on the orientation of the local 

15 birefringence axis of the crystal materiai with respect to the input polarization, the 
intrinsic birefringence generally causes the ray to split into two rays with orthogonal 
polarization orientations. Thus, intrinsic birefringence in the front group 242 of 
elements may result in light being lost at polarization selective surface 208, since , 
light that is polarized in the vertical direction will be transmitted through the beam 

20 splitter rather than reflected. Since the birefringence magnitude and axis 
orientation varies with propagation direction through the crystal, intensity non- 
uniformity may result across the system exit pupil. 

In the present embodiment, the linear polarization of input beam 249 may .. 
be utilized to minimize the effects of intrinsic birefringence in front group 242. If a 

25 given lens element is oriented with its [110] crystal axis along the common optical 
axis 248 (see FIG. 5A), and the local birefringence axis for the ray along the optical 
axis is oriented horizontally (i.e., parallel to the input polarization), rays at small 
angles with respect to the optical axis correspond to extraordinary rays, and very 
little energy will couple into the vertical polarization state. 

30 Similarly, if the element is oriented with its [110] crystal axis along common 

optical axis 248 and the local birefringence axis along the optical axis is oriented 
vertically, that is, perpendicular to the input polarization, rays at small angles with 
respect to the optical axis correspond to ordinary rays, and very little energy will 
couple into the horizontal polarization state. 

35 For a [100] optical element, the birefringence magnitude is comparatively 

small for rays at small angles with respect to the optical axis. The lens elements 
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may be aligned such that the birefringence lobes are at azimuthal angles of 0, 90, 
1 80, and 270° (see FIG. 5B) in order to minimize the component of the retardance 
that is neither parallel nor orthogonal to the input polarization state. 

In this embodiment, the crystal lattice orientations of the elements in front 
5 group 242 are selected from the three crystal lattice orientations to minimize both 
the horizontal and vertical variation in retardance. According to other exemplary 
embodiments of similar catadioptric systems, and in which circular input polarization 
is used, and a quarter wave plate is employed immediately prior to the beam splitter 
to convert the polarization of the beam to linearly-polarized light, the optical 
10 elements may advantageously be clocked to minimize the RMS retardance, or 
produce circular residual retardance aberrations to match the input polarization 
state. 

Still referring to FIG. 40, the first two lens elements 201 and 202 are [100] 
optical elements, clocked to have birefringence lobes oriented at azimuthal angles 

15 of 0, 90, 180, and 270° in the exemplary embodiment. Lens elements 203, 204, 
205, and 206 are oriented so that the optical axis is along their [110] lattice 
directions, with relative clockings of 0, 90, 90, and 0°, with respect to an orientation . 
that gives a horizontal birefringence axis along the optical axis. 

Prism 207 of beam splitter 240 is oriented such that its [100] crystal axis lies 

20 along optical axis 248 for the first pass of input beam 249, again with birefringence 
lobes oriented at azimuthal angles of 0, 90, 180, and 270°. Upon reflection from the 
45° polarization selective surface 208, the beam maintains an equivalent direction 
through the crystal. According to another embodiment, beam splitter 240 may be t 
a polarization beam splitter formed of a cubic crystalline material and aligned such 

25 that its [110] lattice direction lies substantially along optical axis 248 and the local 
birefringence axis for the ray entering the beam splitter along the optical axis is 
oriented horizontally, parallel to the input polarization orientation, such that upon 
reflection from the 45° polarization selective surface 208, the beam maintains an 
equivalent direction through the crystal. 

30 The RMS and maximum retardance over the exit pupil are listed in Table 23 

for five positions across object field 230; these include the effects of intrinsic 
birefringence in the elements 201-206 preceding beam splitter 240 and segment 
207 of beam splitter 240 up to the reflective surface 21 1 of spherical mirror 212, as 
well as retardance due to the single-layer anti-reflection coatings used in the model. 

35 The effects of the quarter wave plates and polarization selective surface of the 
beam splitter are not included. 
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X Object Field 
Height (mm) 


Y Object Field 
Height (mm) 


Retardance (waves at X 0 = 193.3 nm) 
RMS Maximum 


-50 


-4 


0.0135 


0.0799 


-35 


0 


0.0155 


0.0681 


0 


0 


0.0087 


0.0350 


35 


0 


0.0138 


0.0617 


50 


4 


0.0096 


0.0604 



TABLE 23 



5 

FIGS. 41 A and 41 B depict the retardance across the system exit pupil due 
to the intrinsic birefringence of front group 242 and anti-reflection coatings for the 
field points at the center and extreme comer of the field (X = 50 mm and Y = 4 mm 
at the reticle), respectively. FIG. 41A shows that, at the center of the field, the 
1 0 retardance is zero at the center of the pupil and increases in magnitude towards the 
edge of the pupil. At the outer comer of the field, FIG. 41 B shows that the 
retardance includes a linear component, oriented roughly horizontally over the 
pupil. 

For the center of the field, the system transmittance varies from a 
15 normalized value of 1.0 at the center of the pupil to a minimum value of 
approximately 0.930 at the edge of the pupil. For the extreme or outer comer of the 
field, the normalized system transmittance varies from 1 .0 at the center of the pupil, 
to a minimum of approximately 0.915 at the edge of the pupil. In the second group 
244 of elements, in which the beam reflects off reflective surface 211 and returns 
20 to polarization selective surface 208 of beam splitter 240, there are relatively fewer 
degrees of freedom for minimizing the retardance. In this element group, therefore, 
each individual lens element component may be aligned with its [100] crystal axis 
along the optical axis, with peak birefringence lobes oriented at azimuthal angles 
of 0, 90, 180, and 270°. This minimizes the component of the retardance that is 
25 neither parallel nor orthogonal to the axis of the polarization selective surface. 
Because the ray angles are relatively small with respect to the optical axis (within 
11° from the optical axis) and the birefringence lobes in the beam splitter path are 
preferentially oriented, the effects of the intrinsic birefringence are minimized. 
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After transmission through polarization selective surface 208 of the beam 
splitter, prism 213 of beam splitter 240 is also oriented to be a [100] optical element 
and oriented to have birefringence lobes at 0, 90, 180, and 270°, to minimize the 
effects of the intrinsic birefringence since ray angles are small with respect to the 
5 optical axis (within 6°) and the birefringence lobes are again preferentially oriented. 

According to another embodiment, prism 213 of beam splitter 240 may be 
aligned such that its [110] lattice direction lies substantially along optical axis 248 
and the local birefringence axis for the ray traveling along the optical axis and 
entering prism 213 is substantially perpendicular to the polarization direction of the 

10 ray; this embodiment may be used in conjunction, for example, with a cubic 
crystalline prism 207 oriented such that its [110] lattice direction lies substantially 
along optical axis 248 and the local birefringence axis for the input ray traveling 
along the optical axis is substantially parallel to the input polarization direction, to 
minimize net retardance. 

15 In the present embodiment, beam splitter 240 may be oriented such that the 

input beam is polarized horizontally, corresponding to s-polarized light at the 
polarization selective surface 208, and polarization selective surface 208 is coated 
to preferentially reflect s-polarized light. In other exemplary embodiments, the 
beam splitter may be designed to transmit the beam on the first pass through the 

20 beam splitter and reflect the beam on the second pass, and the crystal orientations 
of the segments would again be selected to minimize net retardance and maintain 
an equivalent lattice direction along the optical axis upon reflection. 

Third group 246 includes elements 213-227B. For the third group 246 of 
elements, compensation of the retardance produced by the intrinsic birefringence 

25 is again achieved by selective orientation of the crystal axis alignment for each lens 
element with respect to the optical axis, the relative rotations of those elements 
about the optical axis, and by splitting last element 227 of the exemplary lens 
embodiment shown in FIG. 34, into two sub-elements 227A and 227B that provide 
the same total thickness and power but include individual thicknesses and a 

30 curvature of buried surface 250 between them that is optimized to minimize 
retardance. As in the previous embodiments, a combination of [110] and [100] 
optical elements are utilized to allow the retardance contributions of the individual 
elements in third group 246 of elements to be balanced, thereby correcting for 
intrinsic birefringence and reducing retardance. 

35 In this embodiment, elements 215, 221, and 225 and quarter wave plates 

209 and 214 are [100] optical elements oriented such that the peak birefringence 



65 



WO 02/099500 



PCT7US02/17071 



lobes are oriented at azimuthal angles of 0, 90, 180, and 270°. Also, the two sub- 
elements include first sub-element 227A oriented with its [110] crystal axis along 
optical axis 248 and second sub-element 227B with its [100] crystal axis along 
optical axis 248. The crystal axis orientation and clockings of each of the 
5 components are given in Table 24 below. The table includes refractive lens 
elements 201-206, 210, 215, 218-226 and 227A and 227B, beam splitter prisms 
207 and 213 and wave plates 209 and 214. For [110] optical elements, the 
clocking of each element is given relative to an orientation that produces peak 
birefringence along the optical axis that is oriented with the retardance axis 
10 substantially parallel to the X axis (horizontal, in the long direction of the specified 
field of view). For [100] optical elements, the clocking of each element is given 
relative to an orientation that produces peak birefringence lobes in the X-Z and Y-Z 
planes, at azimuthal angles of 0, 90, 180, and 270°. 



15 



Element 



Crystal Axis Direction 
along Optical Axis 



Element Clocking 
(degrees) 



201 
202 
203 
204 
205 
206 



[100] 
[100] 
[110] 
[110] 
[110] 
[110] 
[100] 
[100] 
[100] 
[100] 
[100] 
[100] 
[100] 
[100] 
[100] 
[100] 
[110] 



0 
0 
0 

90 
90 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



Prism 207, Segment 1 
Prism 207, Segment 2 
Wave Plate 209, Pass 1 
210, Pass 1 
210, Pass 2 
Wave Plate 209, Pass 2 



Prism 207, Segment 3 
Prism 213, Segment 4 
Wave Plate 214 



218, toroidal rear surface S2 
219 



215 
218 



[110] 



126.80 
51.77 
-30.00 
149.94 
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220 


[110] 


-81.22 


221 


[1001 


179.17 


222 


[110] 


-0.27 


223 


[110] 


60.98 


224 


[110] 


45.86 


225 


[100] 


-69.14 


226 


[110] 


90.29 


227A 


[110] 


-30.24 


227B 


[100] 


11.80 


TABLE 24 



RMS and maximum retardance over the exit pupil are listed in Table 25 
5 below for five exemplary field positions and include the effects of intrinsic 
birefringence for the elements following the second quarter wave plate 214 and the 
single layer anti-reflection coatings used in the model. The RMS retardance ranges 
from 0.0062 to 0.0084 waves at X 0 = 193.3 nm, across the field. 



X Object Field 
Height (mm) 


Y Object Field 
Height (mm) 


Retardance (waves at 7^ = 193.3 nm) 
RMS Maximum 


-50 


-4 


0.0084 


0.0518 


-35 


0 


0.0078 


0.0473 


0 


0 


0.0062 


0.0390 


35 


0 


0.0078 


0.0473 


50 


4 


0.0084 


0.0518 



10 TABLE 25 

FIGS. 42A and 42B depict the retardance across the system exit pupil for 
field points at the center and extreme comer of the field (X = 50 mm and Y = 4 mm 
at the reticle), respectively, for the compensated system as detailed in Table 24, 
15 produced by the intrinsic birefringence of the group of elements following second 
wave plate 214 (in third group 246) and also due to anti-reflection coatings. 

The total RMS and maximum retardance over the exit pupil are listed in 
Table 26 for five indicated field positions, including the effects of intrinsic 
birefringence for all elements and the single layer anti-reflection coatings used in 
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the model. RMS retardance ranges from 0.0076 to 0.0123 waves at \, = 193.3 rim. 
In one embodiment, RMS retardance may be minimized in the group of elements 
following the second wave plate, rather than the total retardance. Such reduction 
of retardance may sufficiently lower levels of retardance for the overall system, 
5 without the necessity of performing the same optimization on all element groups. 



X Object Field 
Height (mm) 


Y Object Field 
Height (mm) 


Retardance (waves at \ 
RMS 


, = 193.3 nm) 
Maximum 


-50 


-4 


0.0123 


0.0824 


-35 


0 


0.0105 


0.0689 


0 


0 


0.0076 


0.0493 


35 


0 


0.0113 


0.0733 


50 


4 


0.0130 


0.0828 



TABLE 26 

FIGS. 43A and 43B are graphical representations depicting the retardance 



across the system exit pupil produced by the intrinsic birefringence of all elements 
10 and anti-reflection coatings for field points at the center and corner of the field (X 

= 50 mm and Y = 4 mm at the reticle), respectively, for the compensated system, 

as detailed in Table 24. 

Similar to the refractive example of Embodiment 3, surface S2 of refractive 

optical element 218 immediately preceding aperture stop 233, is a toroidal surface 
15 in which the radius of curvature in orthogonal directions is varied along with the 

clocking of the surface to compensate for astigmatism due to variations in average 

index of refraction. The radii ofxurvature for the toroidal surface are listed in Table 

27 below, and the local X- and Y-axes of the surface are rotated by -30° about the 

optical axis relative to the system X- and Y-axes. 

20 



Surface 


Radius of Curvature (mm) 


218, Surface S2, local X direction 


1543.4724 


218, Surface S2, local Y direction 


1543.4659 



TABLE 27 



25 The fifth exemplary embodiment also illustrates that final element 227 of the 

exemplary lens shown in FIG. 34 and based on a known lens prescription, was split 
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into sub-elements 227A and 227B shown in FIG. 40, to provide improved 
retardance aberration correction. The radius of curvature of the buried surface 250 
between the elements and the thicknesses of the two segments were varied, 
keeping the total element thickness unchanged with respect to single element 227. 
5 Table 28 provides the radius of curvature and thicknesses of the two segments. 



Element 


Crystal 

Axis 
Direction 
for Zero 
Clocking 


Element 
Clocking 
(degrees) 


Front 
Radius of 
Curvature 

(mm) 


Back Radius 
of Curvature 
(mm) 


Thickness 
(mm) 


227A 


[110] 


-30.24 


92.4548 


263.3382 


47.9615 


227B 


[100] 


11.80 


263.3382 


-4239.8801 


5.0385 



TABLE 28 



FIGS. 44A, 44B, 44C, and 44D are contour plots of wavefront errors plotted 

10 at the exit pupil for the optical system illustrated in FIG. 40. FIGS. 44A and 44B are 
contour plots of the residual wavefront error corresponding to an input polarization 
in the X direction used with an exit pupil analyzer in the X direction for the center 
and extreme corner of the field (X = 50 mm and Y = 4 mm at the reticle), 
respectively. For the wavefront error at the central field point shown in FIG. 44A, 

15 the maximum peak-to-valley optical path difference is approximately 0.125 waves 
at a wavelength of 1 93.3 nanometers, and for wavefront error at the at the extreme 
field shown in FIG. 44B, the maximum peak-to-valley optical path difference is 
approximately 0.191 waves. FIGS. 44C and 44D are contour plots of the residual 
wavefront error corresponding to an input polarization in the Y direction used with 

20 an exit pupil analyzer in the Y direction for the central and extreme field points, 
respectively. For the wavefront error at the central field point shown in FIG. 44C, 
the maximum peak-to-valley optical path difference is approximately 0.1 17 waves 
at a wavelength of 193.3 nanometers, and for the wavefront error at the extreme 
field shown in FIG. 44D, the maximum peak-to-valley optical path difference is 

25 approximately 0. 1 92 waves. 

The RMS and peak-to-valley wavefront errors are listed in Table 29 for the 
compensated design, including the effects of intrinsic birefringence, at five field 
points. These values represent the wavefront errors at optimum focus, but tilt terms 
have been removed to locate each image point at the center of the point-spread 

30 function. Results are given for two orthogonal polarization components. The X 
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component represents the wavefront error assuming a linear polarizer along the X 
direction at the system exit pupil, and the Y component represents the Wavefront 
error assuming a linear polarizer along the Y direction at the exit pupil. 



RMS Wavefront Error Peak-to-Valley Wavefront Error 

(waves at X Q = 193.3 nm) (waves at X 0 = 193.3 nm) 



(X, Y) in mm 


X Component 


Y Component 


X Component 


Y Component 


(-50, -4) 


0.018 


0.016 


0.185 


0.189 


(-35, 0) 


0.019 


0.017 


0.176 


0.180 


(0, 0) 


0.012 


0.011 


0.125 


0.117 


(35, 0) 


0.018 


0.017 


0.177 


0.184 


(50, 4) 


0.018 


0.016 


0.191 


0.192 



5 TABLE 29 



Table 29 shows that the RMS wavefront error varies across the field from 
0.01 1 to 0.019 waves at X = 193 nm. This is comparable to the range of 0.01 1 to 
0.016 waves described in Table 21 for the nominal design embodiment calculated 

10 without considering the effects of intrinsic birefringence The maximum change in 
RMS wavefront error from the nominal design embodiment calculated without 
considering the effects of intrinsic birefringence is 0.003 waves. It can be seen that 
a significant compensation for wavefront errors caused by intrinsic birefringence 
has been achieved by the techniques of the present invention. For comparison, 

15 according to a comparative exemplary embodiment in which all elements following . 
the second wave plate are [110] optical elements oriented with the same three- 
dimensional crystal lattice directions, the peak retardance is approximately 0.75 
waves, as shown in FIGS. 37A and 37B. The maximum peak-to-valley wavefront 
error for the compensated design with intrinsic birefringence is 0.192 waves, which 

20 is comparable to the maximum peak-to-valley wavefront error of 0.162 waves for 
the nominal design without intrinsic birefringence. 

Table 30 shows the centroid distortion for the exemplary embodiment in 
which the effects of intrinsic birefringence are compensated for, as described 
above. This centroid distortion is calculated based on the point spread function and 

25 is listed for five exemplary field points. The maximum image distortion is 
approximately -38.5 nm, and the maximum change in distortion from the nominal 
design is approximately -13.8 nm. Distortion was not considered in this 
embodiment, but further design variables, such as discussed in conjunction with 
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Embodiments f 3 and 4 may be used to balance changes in distortion due to the 
intrinsic birefringence effects in the compensated system. The chief ray 
telecentricity error across the field is within 0.4 mrad and changes in chief ray 
telecentricity error are negligible. 



5 

Object Field (X, Y) in mm X PSF Centroid Distortion Y PSF Centroid Distortion 

(hm) (nm) 



(-50, -4) 


-38.01 


-5.48 


(-35, 0) 


-38.53 


-1.18 


(0, 0) 


-0.11 


-0.05 


(35, 0) 


38.26 


1.13 


(50, 4) 


37.70 


5.53 



TABLE 30 



Table 31 provides a summary of the performance of the exemplary system 
10 in terms of the Strehl ratio. Strehl ratio values in Table 31 are calculated at field 
points centered on the wavefront in the exit pupil (i.e., wavefront distortion effects 
were removed). 

As shown in Table 31, an aberration free system has a Strehl ratio of 0.8178 
at a numerical aperture of 0.80. For the nominal design without intrinsic 
15 birefringence effects considered, the Strehl ratio is reduced by a maximum value 
of 0.0084. For the compensated system with intrinsic birefringence, the Strehl ratio 
is reduced from that of an aberration free system by a maximum value of 0.0151 . 



Object Field (X, Y) in mm 


Design Layout 


(-50, -4) 


(-35, 0) 


(0, 0) 


(35, 0) 


(50, 4) 


Aberration-free lens 
(0.80 NA) 


0.8178 


0.8178 


0.8178 


0.8178 


0.8178 


Nominal, no 

birefringence 

considered 


0.8102 


0.8096 


0.8134 


0.8094 


0.8101 


Elements aligned to 
compensate 


0.8056 


0.8063 


0.8110 


0.8045 


0.8027 



TABLE 31 



20 
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Also as described in conjunction with previous embodiments, one or more 
"stress birefringent elements, wave plates, or combinations thereof may additionally 
be used to correct for residual birefringence variation and constant residual 
retardance which remains in the catadioptric system after the above-described 
5 system corrections have been made. 

Referring again to FIG. 40, according to yet another exemplary embodiment, 
stress may be applied to a reflective element such as mirror surfaces 211 or 216 
to alter the base radius of curvature in orthogonal directions. This stress may 
correct for residual astigmatism in the exemplary catadioptric optical system. As 
10 described in conjunction with embodiment three, the use of at least one optical 
element whose base radius of curvature differs in orthogonal directions may 
additionally or alternatively be used to compensate for residual astigmatism due to 
variations in the average index of refraction in the cubic crystalline optical elements. 
According to other exemplary catadioptric embodiments, some of the lens 
15 elements may be formed of non-cubic crystalline material or additional lens 
elements formed of non-cubic crystalline material may be used. Various suitable 
non-cubic crystalline materials such as dry fused silica may be used. 

According to still other catadioptric embodiments, the principles of the 
present invention may be applied to catadioptric systems that do not include beam 
20 splitters or wave plates, such as described in U. S. Patent 6,195,213 B1 to Omura 
et al. } the contents of which are hereby incorporated by reference. 

In summary, embodiment five demonstrates that the principles of the present 
invention may be applied to a catadioptric optical system to significantly reduce 
intrinsic birefringence effects and system retardance, to levels acceptable for high 
25 numerical aperture lithography. 

EMBODIMENT 6 

FIG. 45 shows an exemplary arrangement of an optical system used to 
demonstrate the basic technique for mitigating the effects of intrinsic birefringence 

30 using an element including a stress-induced birefringence. This illustrated optical 
system consists of two cubic crystalline optical elements concentric about focal 
point 310 of a converging beam. The beam passes through two cubic crystalline 
elements 302 and 306 whose radii of curvature are specified to be concentric with 
focal point 310. Cubic crystalline optical elements 302 and 306 have thicknesses 

35 304 and 308, respectively. In an exemplary embodiment, each of thicknesses 304 
and 308 may be 5 mm and cubic crystalline elements 302 and 306 may be 
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assumed to have a birefringence magnitude, n e - n 01 of -12 x 10" 7 , corresponding 
to the intrinsic birefringence of calcium fluoride measured at a wavelength of 157 
nm. Cubic crystalline optical elements 302 and 306 may each be [110] cubic 
crystalline optical elements aligned along common optical axis 312, with a relative 
5 clocking of 90 degrees about optical axis 312. According to other exemplary 
embodiments, the relative clocking of the elements may vary, the crystal orientation 
of the elements may vary, and additional elements may be included. 

First optical element 302 includes a compressive hoop stress of 
approximately 19 lbs./in 2 applied around the perimeter of the element to minimize 

1 0 net RMS retardance of the system. Various techniques may be used to stress the 
element, and tensile and compressive stresses of various other magnitudes may 
be used in other exemplary embodiments. 

FIG. 46A is a graphical representation depicting the individual retardance 
contribution due to the stress-induced birefringence of first element 302 and 

1 5 excluding the effects of intrinsic birefringence. FIG. 46A includes a peak retardance 
of 0.0142 waves and RMS retardance of 0.0047 waves. 

FIG. 46B depicts the net retardance for optical system of this exemplary 
embodiment including the stress-induced birefringence, and shows a maximum 
residual retardance of 0.0186 waves and RMS retardance of 0.0065 waves. The 

20 resulting retardance variation over the pupil shown in FIG. 46B is similar to the 
retardance variation given in FIG. 9C as a result of the addition of a 2.3 mm thick 
[100] cubic crystalline third optical element. According to the embodiment using the 
stress-induced birefringence, the maximum peak and RMS net retardance values 
are comparable to the respective values of 0.0139 and 0.0041 waves for the 

25 embodiment described in FIG. 9C. In this manner, stress-induced birefringence 
applied to one of the [110] optical elements is shown to provide similar correction 
as the addition of a [100] cubic crystalline element. 

Such application of stress-induced birefringence to a [110] optical element 
of an exemplary optical system including two [110] optical elements, is intended to 

30 be exemplary only. The stress-induced birefringence may be applied to the other 
[110] optical element 306 in another exemplary embodiment. Furthermore, this 
technique may be advantageously applied to various other optical systems 
including various numbers of elements clocked at various angles with respect to 
one another. The stress-induced birefringence may be applied to [100], [111] or 

35 non-cubic crystalline optical elements such as dry fused silica, for example. 
According to one exemplary embodiment, a third, non-birefringent element may be 
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added to the arrangement shown in FIG. 45 (such as the arrangement shown in 
FIG. 6, for example) and the stress-induced birefringence may be applied thereto. 

The previously-described method for measuring or using computer modeling 
to determine the retardance of an optical system, identifying an optical element or 
5 elements to have stress-induced birefringence applied thereto, then applying the 
compressive or tensile stress as a hoop or other stress to the identified optical 
element, may be likewise used in the present embodiment, to produce stress- 
induced birefringence as described above, and to reduce residual retardance. 
The principles described in embodiment 6, may be applied to the previously 
10 described exemplary lens systems. In particular, stress-induced birefringence may 
be applied to the illustrated elements or additional elements added to the illustrated 
embodiments. 

The preceding six exemplary embodiments are intended to be illustrative, 
not restrictive of the present invention. Furthermore, it is intended that the various 

15 exemplary techniques for compensating the effects of intrinsic birefringence, 
including retardance aberrations, wavefront aberrations produced by variations in 
average index of refraction, and variations in system transmittance, described in 
conjunction with one of the exemplary embodiments, may also be applied to the 
other exemplary embodiments. For example, the selection of multiple [110] optical 

20 elements together with at least one [100] optical element, the relative clocking of 
the elements, [111] optical elements, stress-induced birefringent elements with 
radially varying stress, stress induced birefringent elements with stress varying 
along axes perpendicular to the optical axis, the selection of various other lens 
orientations, the optimization of lens element thicknesses, spacings, radii of 

25 curvature and aspheric coefficients, and the other exemplary techniques and 
elements may be used to correct for intrinsic birefringence in the various exemplary 
optical systems. Similarly, another aspect of the present invention - the method for 
compensating for residual astigmatism due to variations in the average index of 
refraction in the cubic crystalline optical elements, through the use of at least one 

30 . optical element whose base radius of curvature differs in orthogonal directions, may 
be used in any of the previous embodiments. 

The preceding merely illustrates the principles of the invention. It will thus 
be appreciated that those skilled in the art will be able to devise various 
arrangements which, although not explicitly described or shown herein, embody the 

35 principles of the invention and are included within its scope and spirit. Furthermore, 
all examples and conditional language recited herein are principally intended 
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expressly to be only for pedagogical purposes and to aid in understanding the 
principles of the invention and the concepts contributed by the inventors to 
furthering the art, and are to be construed as being without limitation to such 
specifically recited examples and conditions. Moreover, all statements herein 
5 reciting principles, aspects, and embodiments of the invention, as well as specific 
examples thereof, are intended to encompass both structural and the functional 
equivalents thereof. Additionally, it is intended that such equivalents include both 
currently known equivalents and equivalents developed in the future, i.e., any 
elements developed that perform the same function, regardless of structure. The 
10 scope of the present invention, therefore, is not intended to be limited to the 
exemplary embodiments shown and described herein. Rather, the scope and spirit 
of the present invention is embodied by the appended claims. 
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We claim: 

1 . An optical system including at least two [1 1 0] cubic crystalline 
optical elements aligned with their respective [110] lattice directions along a 

5 common optical axis and having their respective crystal lattices rotated with 
respect to each other and about said optical axis to reduce retardance within 
said optical system, and at least one [100] cubic crystalline optical element 
aligned with its [100] lattice direction along said common optical axis, said [100] 
cubic crystalline optical element oriented to reduce retardance at locations off 
10 said optical axis, within said optical system. 

2. The optical system as in claim 1 , in which said rotated [1 1 0] cubic 
crystalline optical elements produce a net optical system retardance that is less 
than the sum of respective retardance contributions of said [110] cubic 

1 5 crystalline optical elements. 

3. The optical system as in claim 1 , in which [110] cubic crystalline 
optical elements are oriented such that the peak intrinsic birefringence lobes of 
said respective [110] cubic crystalline optical elements are rotated with respect 

20 to each other. 

4. The optical system as in claim 1, in which said [110] cubic 
crystalline optical elements are formed of the same material. 

25 5. The optical system as in claim 1 , in which each of said [110] cubic 

crystalline optical elements is formed of calcium fluoride. 

6. The optical system as in claim 1 , further comprising further optical 
elements aligned along said common optical axis. 

30 

7. The optical system as in claim 6, in which at least one of said 
further optical elements is formed of non-cubic crystalline material. 

8. The optical system as in claim 6, wherein one of said further 
35 optical elements comprises a further [110] cubic crystalline optical element 

aligned with its [110] crystal lattice direction along said common optical axis, 
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said at least two [110] cubic crystalline optical elements each having a first 
intrinsic birefringence magnitude and said further [110] cubic crystalline optical 
element having a second intrinsic birefringence magnitude that is opposite in 
sign to said first intrinsic birefringence magnitude, said further [110] cubic 
5 crystalline optical element and said at least two [110] cubic crystalline optical 
elements oriented to reduce retardance within said optical system. 

9. The optical system as in claim 1 , wherein each of said [100] cubic 
crystalline optical elements is formed of the same material as said at least one 

10 [110] cubic crystalline optical elements. 

10. The optical system as in claim 6, wherein at least one of said 
further optical elements comprises a [1 1 1] cubic crystalline optical element 
aligned with its [1 1 1] lattice direction along said common optical axis, each [111] 

15 cubic crystalline optical element oriented to reduce retardance variation within 
said optical system. 

1 1 . The optical system as in claim 1, further comprising a stress 
birefringent element aligned along said common optical axis to compensate for 

20 system retardance. 

12. The optical system as in claim 1 1 , wherein said stress birefringent 
element comprises a powered element with a constant birefringence magnitude. 

25 13. The optical system as in claim 12, wherein said stress birefringent 

element one of a) is formed of a uniaxial crystalline material, and b) includes 
stress-induced birefringence. 

14. The optical system as in claim 1 1 , wherein said stress birefringent 
30 element comprises a stressed element having a birefringence varying one of 

linearly and quadratically therethrough. 

15. The optical system as in claim 1 1 , wherein said stress birefringent 
element includes a stress birefringence magnitude that varies along an axis that 

35 is orthogonal to said optical axis. 
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16. The optical system as in claim 1 , further comprising a wave plate 
disposed along said common optical axis to reduce retardance within said 
optical system. 

5 17. The optical system as in claim 16, wherein said wave plate one of 

a) is formed of a uniaxial crystalline material, and b) includes stress-induced 
birefringence. 

1 8. The optical system as in claim 6, in which at least one of said [110] 
10 cubic crystalline optical elements, [100] cubic crystalline optical elements, and 

said further optical elements, includes a surface with an asymmetric variation in 
curvature. 

19. The optical system as in claim 18, in which said surface comprises 
15 a toroidal surface. 

20. The optical system as in claim 18, in which said at least one of said 
[110] cubic crystalline optical elements, said [100] cubic crystalline optical 
elements, and said further optical elements is positioned to reduce astigmatism 

20 of said optical system due to variation in index of refraction. 

21 . The optical system as in claim 1 , in which two of said at least two 
[1 1 0] cubic crystalline optical elements are rotated by 90° with respect to each 
other, about said common optical axis, and at least one of said [100] cubic 

25 crystalline optical elements is rotated such that peak birefringence lobes of said 
at least one [100] cubic crystalline optical element are rotated about said 
common optical axis substantially by 45°, with respect to the directions of the 
local birefringence axes along the [110] crystal axes of said at least two [1 1 0] 
cubic crystalline optical elements. 

30 

22. The optical system as in claim 6, in which said further optical 
elements include a sufficient number of further [100] cubic crystalline optical 
elements, at least one of said further [100] cubic crystalline optical elements 
rotated with respect to another one of said further [100] cubic crystalline optical 

35 elements to compensate for non-rotationally symmetric defects in said optical 
system. 
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23. The optical system as In claim 1 , in which said at least one [100] 
cubic crystalline optical element includes at least two [100] cubic crystalline 
optical elements being rotated about said optical axis with respect to one 

5 another to minimize net retardance in said optical system. 

24. The optical system as in claim 1, in which said optical system is a 
catadioptric system further including at least one reflective surface. 

10 25. The optical system as in claim 24, in which one of said reflective 

surfaces includes an asymmetrical stress applied thereto to reduce astigmatism. 

26. The optical system as in claim 24, wherein said catadioptric system 
further comprises a polarization beam splitter formed of a cubic crystalline 
15 material and including a [100] lattice direction aligned substantially along said 
common optical axis and such that peak birefringence lobes of said beam 
splitter are one of substantially perpendicular and substantially parallel to an 
input polarization direction of light provided to said optical system. 

20 27. The optical system as in claim 24, wherein said catadioptric system 

further comprises a polarization beam splitter formed of a cubic crystalline 
material and including a [110] lattice direction aligned substantially along said 
optical axis and such that the peak birefringence lobe of said beam splitter along 
said optical axis is one of substantially perpendicular and substantially parallel to 

25 an input polarization direction of polarized light provided to said optical system. 

28. The optical system as in claim 24, further including a light source, 
a beam splitter, at least one wave plate, an object side, and an image side of 
said optical system, and in which said at least two [110] cubic crystalline optical 

30 elements are positioned on said object side of said beam splitter. 

29. The optical system as in claim 28, further comprising at least two 
further [110] cubic crystalline optical elements and at least one further [100] 
cubic crystalline optical element on said image side of said beam splitter, each 

35 further [1 10] cubic crystalline optical element aligned with its [110] lattice 

direction along said optical axis, and each further [100] cubic crystalline optical 
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element aligned with its [100] lattice direction along said optical axis, and 
oriented to reduce system retardance. 

30. The optical system as in claim 24, further including a light source, 
5 a beam splitter, at least one wave plate, an object side, and an image side of 
said optical system, and in which said at least two [110] cubic crystalline optical 
elements and said at least one [100] cubic crystalline optical element, are 
positioned on said image side of said beam splitter. 

10 31 . The optical system as in claim 24, further comprising at least one 

further optical element aligned along said common optical axis and including a 
stress-induced birefringence applied to reduce retardance variation within said 
optical system. 

15 32. The optical system as in claim 1 , further comprising a light source 

and a mask pattern positioned such that said light source is capable of 
projecting said mask pattern through said optical system. 

33. The optical system as in claim 32, wherein said light source 
20 comprises an excimer laser. 

34. The optical system as in claim 32, in which said light source is 
capable of emitting light having a wavelength of one of approximately 157 nm 
and approximately 193 nm. 

25 

35. The optical system as in claim 32, further comprising a substrate 
positioned such that said mask pattern is projected thereon, and light source 
capable of emitting light having a wavelength no greater than 248 nanometers. 

30 36. The optical system as in claim 1 , in which at least one of said [1 1 0] 

cubic crystalline optical elements and said [100] cubic crystalline optical 
elements, includes a stress-induced birefringence to compensate for residual 
retardance of said optical system. 

35 37. The optical system as in claim 36, wherein said stress-induced 

birefringence varies radially. 
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38. A photolithography tool including the optical system as in claim 1 . 

39. A photolithography tool including the optical system as in claim 7. 

5 

40. A photolithography tool including the optical system as in claim 29. 

41 . The photolithography tool as in claim 38, further comprising 
condenser optics, a mask pattern formed on one of a reticle and a photomask, a 

10 substrate and a light source, said photolithography tool configured to project 
said mask pattern onto said substrate through said optical system. 



42. The photolithography tool as in claim 39, further comprising 
condenser optics, a mask pattern formed on one of a reticle and a photomask, a 
15 substrate and a light source, said photolithography tool configured to project 
said mask pattern onto said substrate through said optical system 



43. The photolithography tool as in claim 40, further comprising 
condenser optics, a mask pattern formed on one of a reticle and a photomask, a 

20 substrate and a light source capable of providing polarized light, said 

photolithography tool configured to project said mask pattern onto said substrate 
through said optical system. 

44. The photolithography tool as in claim 41, in which said light source 
25 produces light having a wavelength no greater than 248 nm. 



45. The photolithography tool as in claim 43, in which said light source 
produces light having a wavelength no greater than 248 nm and is capable of 
providing polarized light. 

30 

46. An optical system comprising four [110] cubic crystalline optical 
elements aligned with their respective [1 10] crystal axes along a common optical 
axis and a [100] cubic crystalline optical element aligned with its [100] crystal 
axis along said common optical axis, said [110] cubic crystalline optical elements 

35 and said [100] cubic crystalline optical element oriented with respect to one 

another such that net retardance at a center field point of said optical system, is 
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essentially zero. 

47. A semiconductor device formed on a substrate and including circuit 
patterns therein, said circuit patterns each formed by: 

5 a lithography system including projection optics having at least two [110] 

cubic crystalline optical elements aligned with their respective [110] lattice 
directions along a common optical axis and rotated with respect to each other to 
reduce retardance within said projection optics, and at least one [100] cubic 
crystalline optical element aligned with its [100] lattice direction along said 
10 common optical axis and oriented to reduce off-axis radial retardance variation 
within said projection optics, 

a photomask having a mask pattern, and 

a light source capable of causing said mask pattern to be projected 
through said projection optics and onto said substrate. 

15 

48. The semiconductor device as in claim 47, in which said 
semiconductor device comprises an integrated circuit and said circuit patterns 
are formed within multiple different layers formed on said substrate. 

20 49. A method for reducing retardance in an optical system comprising: 

providing a lens system having a lens prescription and including a 
plurality of original optical elements aligned along a common optical axis, said 
lens system having a first net retardance; and 

splitting at least one of said original optical elements into at least 
25 two sub-elements while maintaining said lens prescription, each sub-element 
formed of a cubic crystalline material, aligned along said optical axis and said 
sub-elements having their respective crystal lattices oriented to produce a 
reduced net retardance being less than said first net retardance. 

30 50. The method as in claim 49, in which said splitting comprises 

splitting one of said original optical elements into two [110] sub-elements aligned 
such that their respective [110] cubic crystal lattice directions are along said 
optical axis and their respective crystal lattices are oriented with respect to each 
other to reduce retardance within said optical system. 

35 

51 . The method as in claim 49, in which said splitting comprises 
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splitting one of said original optical elements into two [100] sub-elements aligned 
such that their respective [100] cubic crystal lattice directions "are along said 
optical axis and their respective crystal lattices are oriented with respect to each 
other to reduce retardance within said optical system. 

5 

52. The method as in claim 49, in which said splitting comprises 
splitting one of said original optical elements into a [110] sub-element aligned 
with its [110] lattice direction along said optical axis and a [100] sub-element 
aligned with its [100] lattice direction along said optical axis, and in which said 
10 providing includes at least one other of said original optical elements being a 
cubic crystalline optical element. 



53. A method for reducing retardance in an optical system comprising: 
providing a plurality of optical elements including at least two [110] 
15 cubic crystalline optical elements and at least one [100] cubic crystalline optical 
element; 

aligning said plurality of optical elements along a common optical 
axis, said at least two [110] cubic crystalline optical elements aligned with their 
respective [110] crystal axes along said common optical axis, and said at least 
20 one [100] cubic crystalline optical element aligned with its [100] crystal axis 
along said common optical axis; and 

rotating at least one of said [110] cubic crystalline optical elements 
about said optical axis to produce a reduced retardance with respect to a system 
retardance produced when the three-dimensional crystal lattices of each of said 
25 [110] cubic crystalline optical elements are oriented substantially identically; and 

orienting said [100] cubic crystalline optical element to reduce off- 
axis retardance variation within said optical system. 



54. A method for forming a semiconductor device comprising: 
30 providing a photolithography tool including an optical system 

having at least two [110] cubic crystalline optical elements aligned with their 
respective [110] lattice directions along a common optical axis and rotated with 
respect to each other to reduce retardance within said optical system and at 
least one [100] cubic crystalline optical element aligned with its [100] lattice 
35 direction along said common optical axis and oriented to reduce off-axis 
retardance variation within said optical system; 
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positioning a mask pattern and a substrate in fixed position with 
respect to said optical system; and 

illuminating a light source thereby causing said mask pattern to be 
projected through said optical system and onto said substrate. 

5 

55. The method as in claim 54, in which said mask pattern is formed 
on a reticle and said substrate is a semiconductor wafer having a photosensitive 
coating thereon, and 

said positioning includes locating said reticle at an object field of 
10 said optical system and locating said semiconductor wafer at an image field of 
said optical system, and 

said illuminating includes forming an exposure pattern in said 
photosensitive coating. 

15 56. The method as in claim 55, further comprising developing said 

exposure pattern and etching said developed pattern into said semiconductor 
wafer. 

57. The method as in claim 55, in which said semiconductor wafer 
20 includes a film formed thereon, said photosensitive coating formed on said film, 
and 

further comprising developing said exposure pattern and etching 
said developed pattern into said film 

25 58. The method as in claim 54, in which illuminating includes providing 

light having a wavelength no greater than 248 nm. 

59. The method as in claim 54, in which said providing includes said 
optical system being a catadioptric system further including at least one 

30 reflective surface. 

60. The method as in claim 59, in which said providing includes said 
catadioptric system further including a beam splitter and at least one wave plate, 
and said illuminating includes providing polarized light. 

35 

61. The method as in claim 54, in which said providing includes said 
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optical system including at least one of said optical elements having at least one 
* of a front surface and a rear surface haying an asymmetric variation in curvature 
to reduce astigmatism of said optical system due to variation in average index of 
refraction. 

5 

62. The method as in claim 54, in which said illuminating includes 
causing an excimer laser to emit light. 

63. A semiconductor device formed according to a process including: 
10 providing a photolithography tool including an optical system 

having at least two [110] cubic crystalline optical elements aligned with their 
respective [110] lattice directions along a common optical axis and rotated with 
respect to each other to reduce retardance within said optical system, and at 
least one [100] cubic crystalline optical element aligned with its [100] lattice 

15 direction along said common optical axis and oriented to reduce off-axis 
retardance variation within said optical system; 

positioning a mask pattern and a substrate in fixed position with 
respect to said optical system; and 

illuminating a light source thereby causing said mask pattern to be 

20 projected through said optical system and onto said substrate. 

64. The semiconductor device as in claim 63, in which said process 
includes: 

said positioning including said mask pattern formed on a reticle 
25 and said substrate being a semiconductor wafer having a photosensitive coating 
thereon; and 

said illuminating includes forming an exposure pattern in said 
photosensitive coating, and further comprising 
developing said exposure pattern. 

30 

65. The semiconductor device as in claim 63, in which said illuminating 
includes causing said light source to emit light having a wavelength no greater 
than 248 nm. 

35 66. The semiconductor device as in claim 64, in which said process 

further comprises translating said developed pattern into one of said substrate 
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and a film formed on said substrate. 

67. The semiconductor device as in claim 66, in which said translating 
said developed pattern into one of said substrate and a film formed on said 

5 substrate comprises etching. 

68. The semiconductor device as in claim 63, in which said illuminating 
includes causing an excimer laser to emit light. 

10 69. The semiconductor device as in claim 64, in which said positioning 

includes disposing said reticle at an object field of said optical system and 
disposing said semiconductor wafer at an image field of said optical system. 

70. An optical system including at least two [110] cubic crystalline 
15 optical elements aligned with their respective [110] lattice directions along a 

common optical axis and having their respective crystal lattices rotated with 
respect to each other and about said optical axis to reduce retardance within 
said optical system, and a further optical element aligned along said common 
optical axis and including a stress-induced birefringence to compensate for 
20 residual retardanceof said [110] cubic crystalline optical elements. 

71 . The optical system as in claim 70, in which said further optical 
element is formed of a non-cubic crystalline material. 

25 72. The optical system as in claim 70, in which said stress-induced 

birefringence varies radially within said further optical element. 

73. An optical system including at least two [110] cubic crystalline 
optical elements aligned with their respective [1 10] lattice directions along a 

30 common optical axis and having their respective crystal lattices rotated with 
respect to each other and about said optical axis to reduce retardance within 
said optical system, at least one of said [110] cubic crystalline optical elements 
including a stress-induced birefringence to compensate for residual retardance 
variations. 

35 

74. The optical system as in claim 73, in which at least two of said 
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[110] cubic crystalline optical elements are rotated by essentially 90° with 
respect to each other, about said common optical axis. 

75. The optical system as in claim 73, in which said stress-induced 
5 birefringence increases in magnitude from center to edge. 

76. A photolithography tool including the optical system as in claim 73. 

77. The photolithography tool as in claim 76, further comprising further 
10 optical elements aligned along said common optical axis, condenser optics, a 

mask pattern formed on one of a reticle and a photomask, a substrate and a 
light source, said photolithography tool configured to project said mask pattern 
onto said substrate through said optical system. 4 

15 78. The photolithography tool as in claim 77, in which said light source 

produces light having a wavelength no greater than 248 nm. 

79. A method for forming a semiconductor device comprising: 
providing a photolithography tool including an optical system 

20 having at least two [110] cubic crystalline optical elements aligned with their 
respective [110] lattice directions along a common optical axis and having their 
respective crystal lattices rotated with respect to each other and about said 
optical axis to reduce retardance within said optical system, at least one of said 
[110] cubic crystalline optical elements including a stress-induced birefringence 

25 to compensate for residual retardance variations; 

positioning a mask pattern and a substrate in fixed position with 
respect to said optical system; and 

illuminating a light source thereby causing said mask pattern to be 
projected through said optical system and onto said substrate. 

30 

80. The method as in claim 79, in which said mask pattern is formed 
on a reticle and said substrate is a semiconductor wafer having a photosensitive 
coating thereon, and 

said positioning includes locating said reticle at an object field of 
35 said optical system and locating said semiconductor wafer at an image field of 
said optical system, 
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said illuminating includes forming an exposure pattern in said 
photosensitive coating, and further comprfsing developing said exposure 
pattern. 

81 . A method for reducing retardance in an optical system comprising: 
providing a lens system including a plurality of optical elements 
aligned along a common optical axis, said lens system having a first net 
retardance; and 

applying stress to at least one of said optical elements to produce 
a radially varying stress-induced birefringence therein, thereby producing a 
reduced net retardance being less than said first net retardance. 
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